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Editorial on the Research Topic
 Exploring roles of diagnostic ultrasonography in veterinary medicine




Nowadays, ultrasound has become an important diagnostic tool, and its applications are proving more robust and tremendously beneficial in different aspects of veterinary practices. The advent of ultrasonography enables researchers and veterinarians to assess and monitor tremendous physiological and pathological events in the farm, companion, and wild animals (1). Because there is a growing demand for use of ultrasonography in studying, diagnosis, and monitoring many physiological events and diseases of animals, the goal of this special edition Research Topic is to shed light on the progress made in the past decade in applications of diagnostic ultrasonography in different aspects of physiological and pathological issues in the veterinary practices (reproduction, internal medicine, surgery, and cardiology). In this e-collection, 14 articles were published covering the aforementioned objectives and to provide direction and guidance to researchers in the field.

The study of Zhang et al. explored the usefulness of ultrasonography and Computer-assisted pixel assessment of the echotextural features of the mammary gland parenchyma in buffaloes during lactation at different somatic cell levels for diagnosing subclinical mastitis. In addition, this study found that examining the structures of the mammary gland parenchyma with vertical positioning showed better results than the horizontal direction. Similarly, in cows (2), it was reported that examining the vertical plane of the mammary gland was more suitable and could describe the significant correlation between echotextural variables and milk composition.

Tamura et al. described the usefulness of drip infusion cholangiography with computed tomography (DIC-CT) and abdominal ultrasonography for detecting the site of bile leakage in a dog with biloma [an encapsulated collection of bile outside or inside the biliary tract within the abdominal cavity; (3)]. Abdominal ultrasonography showed an enlargement of the gallbladder with the appearance of a kiwi-like pattern with residual central echogenic bile, indicating gallbladder mucocele. The gallbladder wall was not affected but the common biliary duct was dilated. An accumulation of well-defined anechoic fluid was observed around the right liver lobes. The amount of accumulated fluid was much larger compared to the ascites.

El-Sherbiny et al. reported the pivotal roles of pulsed Doppler ultrasonography for the assessment of testicular blood flow in rams in subtropical conditions. This study showed that treatment of heat-stressed rams with L-carnitine (LC) exerted a significant improvement in testicular blood perfusion because of reductions of Doppler indices (resistive index: RI and pulsatility index: PI), which explain the elevation of arterial blood perfusion and decrease of the vessel resistance to blood flow (4–6). In addition, it highlighted the pivotal roles of assessing the echotexture changes of testicular parenchyma in the control and LC-treated rams by computer image analysis (7, 8).

Daghash et al. studied the usefulness of B-mode and color Doppler ultrasonography to monitor the developmental growth and hemodynamic changes of corpus luteum (CL) in buffalos from Day 5 till Day 40 after ovulation in pregnant and non-pregnant buffaloes. This study showed a significant elevation in CL area from Day 20 to Day 40 in pregnant buffalos compared to the non-pregnant ones with a marked elevation of plasma progesterone levels in the same group, which could indicate the importance of adequate CL area and diameter to establish the pregnancy. Concomitantly, CL blood flow increased, as evidenced by lowering Doppler indices values (8), in pregnant females compared to those in non-pregnant ones.

Gremillet et al. reported the imaging findings in seven dogs and two cats with a presumptive diagnosis of sclerosing encapsulating peritonitis (SEP). SEP is defined as a chronic inflammatory condition in which the small intestines are encased in a dense fibro collagenous membrane (9, 10). Radiographs imaging showed abnormal shape and distribution of small bowel loops. By ultrasonography, free fluid was visible in all animals, either distributed in the entire peritoneal cavity (7/9) or focally collected (2/9). Peritoneal effusion was echogenic (6/9) and loculated or partially loculated by thin echogenic septations (3/9), suggesting an inflammatory process. Bowel loops had a corrugated appearance in all animals suggesting the occurrence of adhesions and bowel inflammation.

Hsu et al. presented the invaluable uses of different imaging modalities such as radiography, ultrasonography, and computed tomography (CT) for differential diagnosis and monitoring the treatment of a rare case of colonic intramural hematoma in cats. Abdominal ultrasonography revealed the existence of a local heteroechogenic intramural mass located between the submucosal and muscular layers of the descending colon, causing severe compression and closure of the lumen of the colon. Cranial to the intramural colonic mass, colonic lymph nodes were enlarged. For efficient differential diagnosis (with abscess, hematoma, and colonic intramural neoplasia), ultrasonography maybe not be a suitable tool. Scanning by CT and cytological examinations was performed to provide more information and reach the final definitive diagnosis. The patient responded well to the surgical approach without recurrence.

Gomes et al. published an important case report of a golden retriever dog suffering from Helicobacter spp. gastritis with chronic vomiting. Abdominal ultrasonography revealed the presence of a cluster of multiple, round, and well-defined, hypoechoic foci of different sizes (~0.7–1.8 cm) surrounded by gas within the lumen of the stomach. The histopathology of fundic cup biopsies showed large lymphocytic aggregates with mild multifocal inflammation of lymphocytes and eosinophils with few Helicobacter-like organisms on the surface of the epithelium. After appropriate treatment, the vomiting and fundic lesions were resolved on ultrasonographic examination. This case represented novel gross morphologic findings for Helicobacter spp. gastritis in dogs that responded well to the appropriate therapy and also highlighted how early intervention with advanced imaging can aid in diagnosis and treatment.

In equine, Hepworth-Warren et al. reported moderate sensitivity (66.7%) and high specificity (92.3%) of thoracic ultrasonography (TUS) for the identification of bacterial pneumonia in adult horses utilizing a TUS score system. In this study, ultrasonography was scored utilizing a novel scoring system evaluating several comet tails lesions, the presence or absence of pleural effusion, and/or pulmonary consolidation in each intercostal space. Ultrasonographic scores were significantly (P = 0.01) higher in the diseased group (median = 126) than in the control group (median = 20). Hence, TUS appears to be an acceptable stand-alone imaging tool for the diagnosis of bacterial pneumonia in horses when radiography is not practical.

Two-dimensional shear wave elastography (2D SWE) is an ultrasound technique that uses the technique of acoustic radiation force impulse to provide a quantitative assessment of tissue stiffness. In recent years, increased interest in this technique has developed in veterinary medicine due to its non-invasive nature, wide availability, and low cost (11). Interestingly, the study of Toom et al. aimed to compare liver stiffness values between dogs with the closed extrahepatic portosystemic shunt (EHPSS) and those with multiple acquired portosystemic shunts (MAPSS) after gradual surgical attenuation and to evaluate whether SWV could be used to determine EHPSS closure. The mean 2D SWV between dogs with closed EHPSS and those with MAPSS did not differ significantly in this study. However, these results could serve as a baseline and reference for future studies.

In veterinary cardiology, 5 papers were published in this e-collection. Mandour et al. explored the feasibility and repeatability of the color M-mode echocardiography (CMME) approach to measure different variables of the intraventricular pressure difference (IVPD) and intraventricular pressure gradients (IVPG) in goats and to explore the effect of sedation on the measured variables. This is the first study of the quantitative measurement of the IVPD and IVPG in goats using a novel CMME technique. The findings of the study, in conjunction with conventional echocardiographic methods, might deepen understanding of the hemodynamic changes of the left ventricle in goats as well as other farm animals for further experimental and clinical studies.

Ma et al. aimed to assess the changes in cardiac function in experimental induced uremic cardiomyopathy (UC, induced diastolic dysfunction) rats and to assess the therapeutic efficacy of salvianolic acid B (Sal B) using IVPG and two-dimensional speckle tracking echocardiography (2DSTE) techniques. This study confirmed increased ventricular stiffness and fibrosis in UC rats which was potentially treated by Sal B through decreasing edema, inflammation, and fibrosis. However, Further studies may be needed to clarify the molecular mechanisms of Sal B for the treatment of UC.

Hirose et al. reported the usefulness of novel non-invasive assessment of the IVPD and IVPG by color M-mode echocardiography (CMME), a promising method in diagnosing diastolic function, before and after surgical occlusion of patent ductus arteriosus (PDA a congenital heart defect associated with increased preload) in dogs. The findings of this interesting study revealed matched response of IVPD and IVPG to the reduced preload rather than left ventricular relaxation. This result is an initial step in the clinical utility of CMME-derived IVPD and IVPG measurements in the diastolic function evaluation in dogs with PDA that warrants upcoming clinical investigations.

Yoshida et al. reported the pivotal roles of diagnostic imaging in the assessment and follow-up of the therapy of a case report of pulmonary thromboembolism (PTE) secondary to immune-mediated hemolytic anemia (IMHA) in cats. The echocardiographic assessment indicated an enlargement in the right ventricle and atrium, mild tricuspid regurgitation, and a recognized thrombus in the main pulmonary artery. Regenerative anemia and auto-agglutination tests were suggested on blood examination. Appropriate interventions using antithrombotic therapy and immunosuppressive therapy improved the case.

Enokizono et al. evaluated the cardiovascular effects of a single dose of intramuscular (IM) and intravenous (IV) administrations of pimobendane (Pim) in healthy dogs by monitoring the echocardiographic hemodynamic parameters for up to 120 min. This study indicated that IM injection of Pim enhanced left ventricular relaxation and contractility, causing vasodilation within a short time approximately in the same way as the IV route. However, further clinical studies should be performed to explore the effectiveness of IM injections of Pim in case of emergency.
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Bilomas are encapsulated collections of bile outside or inside the biliary tract within the abdominal cavity. For diagnostic and therapeutic approaches, it is important to identify the origin of bile leaks from the biliary tract. This case report describes the usefulness of drip infusion cholangiography with computed tomography (DIC-CT) for detecting the site of bile leakage in a dog with biloma. A 10-year-old, castrated male Pomeranian dog was referred to our department for gastrointestinal signs. Abdominal ultrasonography detected gallbladder mucocele without evidence of defect on the wall and well-defined anechoic localized fluid accumulation around the right division of the liver. On the other hand, there was only a small amount of ascites in the abdominal cavity. The accumulated fluid collected through abdominocentesis had a bilirubin concentration of 11.4 mg/dl, which was more than twice as high as that in serum (0.4 mg/dl), but had absence of pyogenic bacteria. The DIC-CT with meglumine iotroxate showed two well-defined large fluid collections: one between right medial and lateral lobe and the other between the right lateral lobe and caudate process of caudate lobe. Three-dimensional DIC-CT views that the former was enhanced by the contrast agent and that it communicated with an intrahepatic bile duct of the right lateral lobe. Moreover, the DIC-CT images confirmed communication with each fluid collections. After 6 days of hospitalization, a decrease in the amount of accumulated fluid was confirmed, after which cholecystectomy was performed. The dog was discharged from the hospital without complications. No signs of bile leakage were observed on follow-up imaging on postoperative day 10. According to authors knowledge, this has been the first report to show that DIC-CT can be useful for determining the origin of bile leakage in dogs with bilomas.

Keywords: biloma, cholangiography, computed tomography, drip infusion, DIC-CT, dog, gallbladder mucocele


INTRODUCTION

Bilomas are encapsulated collections of bile outside or inside biliary tract within abdominal cavity (1). In humans, bilomas were reported to be results from abdominal trauma, spontaneous leakage of the biliary tree, or iatrogenic injury (2–5). Iatrogenic damage to the biliary tract is commonly associated with laparoscopic cholecystectomy (6). Bilomas in veterinary medicine has been described to be developed after surgery of intrahepatic portosystemic shunt (7), cholecystectomy (8), and open liver biopsy (9) and associated with trauma (10). It is important for diagnosis and therapeutic approaches to identify the site of bile leakage. Although ultrasonography is widely used for the screening of biliary system, it is difficult to evaluate the intrahepatic and common biliary duct in detail (11).

Drip infusion cholangiography with computed tomography (DIC-CT) using meglumine iotroxate is a commonly used imaging technique for the evaluation of the anatomy of the biliary tree and to confirm its patency in human. Recently, its usefulness was also reported in dogs with gallbladder mucocele and cats with cholelithiasis (12, 13). However, there was no report to evaluate the bile leakage using DIC-CT. In this case report, we described the usefulness of the DIC-CT for the detection of the site of bile leakage in a dog with biloma.



CASE PRESENTATION

A 10-year-old, castrated male Pomeranian dog weighting 4.1 kg was referred to Hokkaido University Veterinary Teaching Hospital for examination due to history of lethargy, vomiting, and anorexia for 1–2 weeks. Several days prior to presentation, clinical signs had improved but mild gastrointestinal signs remained.

Physical examination at presentation was unremarkable, with the exception of slight abdominal discomfort, a heart and respiratory rate of 128 and 36/min, respectively, and a body temperature of 38.3 °C. Hematological abnormalities included mature neutrophilia (19.12 × 103 neutrophils/μl; reference interval, 2.95 × 103-11.64 × 103 neutrophils/μl) and monocytosis (1.45 × 103 monocytes/μl; reference interval, 0.16 × 103-1.12 × 103 monocytes/μl). Results of plasma biochemical analyses indicated elevated levels of total protein (7.8 g/dl; reference interval, 5.0–7.2 g/dl), blood urea nitrogen (39.1 mg/dl; reference interval, 9.2–29.2 mg/dl), and C-reactive protein (3.75 mg/dl; reference interval, 0.0–1.0 mg/dl); increased activity of alanine aminotransferase (174 IU/L; reference interval, 17–78 IU/L), alkaline phosphatase (>3,500 IU/L; reference interval, 47–254 IU/L), and gamma-glutamyl transpeptidase (124 IU/L; reference interval, 5–14 IU/L); and hyperphosphatemia (5.7 mg/dl; reference interval, 1.9–5.0 mg/dl) and hypercalcemia (12.8 mg/dl; reference interval, 9.3–12.1 mg/dl). Total bilirubin concentration was within reference limits (0.4 mg/dl; reference interval, 0.1–0.5 mg/dl). Prothrombin time and activated partial thromboplastin time was within normal limits, but fibrinogen concentration was increased (502 mg/dl; reference interval, 113–385 mg/dl). The dog showed low serum thyroxine (T4) but normal serum free T4 and thyroid stimulating hormone.

Radiography showed that the right crus of the diaphragm was cranially displaced by one intercostal space relative to the left crus in the ventrodorsal view of the thorax (Figure 1A). The caudal displacement of the pylorus of the stomach was suspected in the lateral and ventrodorsal radiographic view of the abdomen (Figures 1B,C). The remaining abdominal organs and thoracic radiographs were normal.


[image: Figure 1]
FIGURE 1. Three thoracic and abdominal radiographs obtained from a dog with biloma on initial presentation. The right crus of the diaphragm was found to have been cranially displaced by one intercostal space relative to the left crus in the ventrodorsal view of the thorax [(A); white arrow-head]. The pylorus of stomach was displaced caudally in the lateral (B) and ventrodorsal (C) radiographic views of the abdomen (black arrow-head).


Abdominal ultrasonographic examination revealed enlargement of the gallbladder, which showed a kiwi-like pattern and stella combination with residual central echogenic bile, indicating gallbladder mucocele (Figure 2A). No defect in the gallbladder wall was identified. Although common biliary duct dilation was observed (4.4 mm), no echogenic sediment or debris within the common biliary duct was observed (Figure 2B). A small amount of ascites was detected around the spleen and bladder (Figure 2C). Through the right intercostal approach, well-defined anechoic localized fluid accumulation was detected around the right liver lobes (Figure 3A). The amount of accumulated fluid was much larger compared to the ascites. No abnormality was found in other organs.


[image: Figure 2]
FIGURE 2. Ultrasonographic findings. (A) The gallbladder showed a kiwi-like pattern and stella combination with residual central echogenic bile (white arrow-head), indicating gallbladder mucocele. (B) The common biliary duct dilation without echogenic sediment or debris was observed (4.4 mm). (C) A small amount of ascites (white arrow) was detected around the spleen (asterisk).
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FIGURE 3. Ultrasonography of the right liver lobes through a right intercostal approach from three different time points. (A) On initial presentation, well-defined anechoic localized fluid accumulation was detected around the right liver lobes. (B) On day 6, ultrasonography revealed that the size of biloma was stable, but its appearance had changed, showing a decreased fluid and organized echoic non-mobile collections, such as mucocele (black asterisk). (C) On postoperative day 10, abdominal ultrasonography was able to detect a trace level of biloma wall (white arrow-head) but no fluid accumulation around the right hepatic division.


The localized fluid in the space within the right hepatic division was collected through abdominocentesis via the right intercostal space of the 10th−11th thoracic vertebra before CT examination and subsequently analyzed. The laboratory evaluation of fluid showed that it comparable to an exudate, with a total nucleated cell count of 11,500/μl and protein of 3.9 g/dl. Cytological examination revealed neutrophilia, despite the absence of pyogenic bacteria. The fluid accumulating around the right liver lobes had a bilirubin concentration of 11.4 mg/dl, which was more than twice as high as that in serum, and its glucose concentration was high compared to that in serum. Ascites could not be collected because of a small volume of effusion. The dog was diagnosed with gallbladder mucocele, and the localized bile fluid accumulation indicated the possibility of biloma around the right hepatic division.

To evaluate the bile leakage in the right hepatic division, DIC-CT was performed in accordance with previous studies (12, 13). A 22-gage over-the-needle catheter was inserted into the cephalic vein of the dog, and a dose of 100 mg iodine/kg meglumine iotroxate (Biliscopin; Bayer Schering Pharma, Berlin, Germany) was administered over 30 min. After administering the contrast agent, general anesthesia was induced using propofol (7 mg/kg, to effect intravenously) and maintained with isoflurane (minimum alveolar concentration of 1.3–1.5%) at 2 L/min of oxygen. CT images were obtained using an 80-slice CT scanner (Aquilion PRIME; Canon Medical Systems, Otawara, Tochigi). Initially, the dog was positioned and scanned in the ventral recumbent position with the following scanning parameters: X-ray tube potential of 80 kV, X-ray tube current of 200 mA, slice thickness of 0.5 mm, reconstruction interval of 0.5 mm, tube rotation time of 0.5 s, and helical detector pitch of 0.813. Apnea was induced during CT scans using a stop ventilator.

On DIC-CT in the ventral recumbent position, the contrast agent filled the intra and extrahepatic bile ducts, common bile duct, and duodenum, except for the gallbladder. The CT images showed two well-defined large fluid collections (Figure 4A): one between right medial and lateral lobe (3.6 × 1.7 × 2.4 cm) and the other between the right lateral lobe and caudate process of caudate lobe (3.0 × 0.9 × 3.2 cm). Three-dimensional DIC-CT views revealed that the former was enhanced by the contrast agent and that it communicated with an intrahepatic bile duct of the right lateral lobe (Figures 4B,C). The dog was then repositioned in dorsal recumbency and rescanned to evaluate the displacement of contrast agent. Accordingly, the images showed that the leaked contrast agent fell dorsally through gravity (Figure 4D), and the DIC-CT images confirmed communication with each fluid collections. The dog showed no side reaction during and after DIC-CT. Thereafter, CT angiography using an intravenous injection of 600 mg iodine/kg iohexol (Omnipaque 300, GE Healthcare, Oslom Noeway) was performed for anatomical evaluation and surgical planning. From these findings, the dog was diagnosed with biloma caused by a leakage of the intrahepatic bile duct in the right lateral lobe.


[image: Figure 4]
FIGURE 4. Drip infusion cholecystocholangiography with computed tomography of the abdomen in a dog with biloma. (A) Transverse views revealed two well-defined large fluid collections, where one is in between right medial and lateral lobe (white arrow-head) and the other in between the right lateral lobe and caudate process of caudate lobe (black arrow-head). (B) The CT images showed that fluid collection was enhanced by the contrast agent (white asterisk) in the ventral recumbent position. (C) The reconstruction image showed communication between the fluid collection and intrahepatic bile duct of right lateral lobe (black arrow). (D) Drip infusion cholecystocholangiography with computed tomography images after repositioning to dorsal recumbency showed that the leaked contrast agent fell dorsally via gravity (white arrow) and confirmed communication between each fluid collections (black asterisk).


We presumed that cholecystectomy was appropriate for the prevention of gallbladder rupture. Additionally, the right lateral hepatic lobectomy was considered for the treatment of bile leakage. However, conservative therapy with intravenous crystalloid fluid therapy, low molecular weight heparin (150 IU/kg as an intravenous continuous infusion for 24 h), and ampicillin (20 mg/kg, intravenous every 12 h) was performed before surgery due to following reasons: having mild clinical signs due to localized bile peritonitis and expecting the adhesion of intrahepatic bile duct, which may prevent lobectomy.

On day 6, ultrasonography revealed that the size of biloma was stable, but its appearance had changed such that the fluid decreased and organized echoic non-mobile collections, such as a mucocele, appeared (Figure 3B). Exploratory laparotomy was performed through the ventral midline approach with right paracostal incision. Exploration of the abdomen revealed severe adhesion between the right medial lobe of the liver and the abdominal wall, as well as between the gallbladder and omental fat (Figure 5). Hepatic lobectomy was not performed due to the decrease in the amount of fluid within the biloma and the severe adhesion sealing intraoperatively. After cholecystectomy and liver biopsy, catheterization, and flushing of the common biliary duct was performed to confirm duct patency. The dog's recovery from general anesthesia was uneventful.


[image: Figure 5]
FIGURE 5. Intraoperative findings. Image showing severe adhesion between the right medial lobe of the liver and the abdominal wall (white arrow-head) and between the gallbladder and omental fat (black arrow-head).


Tissues of the gallbladder and liver were submitted for histopathological analysis. Despite observing a large viscous accumulation of mucus that filled and distended the gallbladder lumen and full thickness necrosis of the gallbladder wall (Figure 6A), no findings of rupture were noted. Liver biopsy specimens revealed cytoplasmic vacuolation of hepatocytes without any inflammation and fibrosis of the hepatic parenchyma (Figure 6B). The dog was diagnosed with gallbladder mucocele with infarctions of the gallbladder and vacuolar hepatopathies.


[image: Figure 6]
FIGURE 6. Photomicrography of the hematoxylin and eosin-stained section of the gallbladder and liver. (A) A large viscous accumulation of mucus that filled and distended the gallbladder lumen and full thickness necrosis of the gallbladder wall. (B) Liver biopsy specimens revealed cytoplasmic vacuolation of hepatocytes without any inflammation and fibrosis of the hepatic parenchyma.


Seven days after the surgery, the dog was in good condition and discharged from the hospital on the same day. The dog subsequently visited our hospital on postoperative day 10 for the removal of the skin sutures, during which abdominal ultrasonography detected a trace level of biloma wall and no fluid accumulation around the right hepatic division (Figure 3C). Seven months after the surgery, the dog was doing well without any recurrence of clinical signs determined via telephone contact with the owner.



DISCUSSION

We herein detail the experience with a rare case of biloma due to a leakage from intrahepatic bile duct in the right lateral lobe. To the best of our knowledge, this has been the first report describing the usefulness of DIC-CT for the detection of the bile leakage site within the intrahepatic duct in veterinary medicine.

A few reports have been available on bilomas in veterinary medicine, including three dogs and one cat with biloma. In one dog, biloma developed after surgical treatment of intrahepatic portosystemic shunt (7), whereas in the other dog, biloma was associated with trauma (hit by a car) (10). Moreover, biloma in a cat developed after open liver biopsy (9). Although one dog had also been diagnosed with biloma 12 days after cholecystectomy, this report has not been discussed during the causes of biloma (8). The current case had no history of biliary surgery, liver biopsy, or abdominal trauma, suggesting an unknown cause of biloma. Previous studies showed that the cause of bilomas in humans included spontaneous leakage of the intrahepatic bile duct (3, 4). The current dog may have developed biloma spontaneously. However, considering the histopathological diagnosis of gallbladder mucocele, the leakage of the intrahepatic duct in the right lateral lobe may have been caused by biliary obstruction due to the high viscosity of its contents.

DIC-CT provided valuable information regarding the localization of the bile leakage. This imaging technique has been used to assess the bile duct system in human patients, and its usefulness has also been recently reported in dogs with gallbladder mucocele and cats with cholelithiasis (12, 13). Nonetheless, the mentioned studies have focused on the evaluation of bile duct patency or the detection of extrahepatic bile duct obstruction secondary to its highly viscous contents or cholelithiasis. Dogs and cats with extrahepatic bile duct obstruction usually undergo cholecystectomy as well as intraoperative catheterization and flushing of the common bile duct (14). Conversely, hepatic lobectomy has been the treatment option for a leakage from intrahepatic bile duct provided that persistent bile leakage or major biliary injuries occur (15). However, hepatic lobectomy is highly invasive and carries increased risk of surgical complications, although it depends on the affected region of liver, especially in cases involving the right division of the liver as in our dog. Therefore, we performed DIC-CT to determine the bile leakage site given that this information was needed to establish a treatment plan and surgical approach. DIC-CT may be a useful method for evaluating bile leakage as well as bile duct patency.

Biliary rupture and subsequent bile peritonitis can be a clinically mild condition, or it can be a life-threatening condition (16, 17). Our dog presented with only mild gastrointestinal signs and a mild increase in C-reactive protein levels (3.75 mg/dl) at presentation. Bilomas are encapsulated collections of bile; hence, it is assumed that only a limited inflammatory response occurred in other organs.

The most common therapeutic approach in human patients with bilomas is percutaneous drainage (3, 4). Studies in veterinary medicine involving two dogs with bilomas who underwent percutaneous drainage showed that both dogs had good outcomes without such a surgical approach for biloma (8, 10). However, the current dog with biloma had been managed with supportive therapy and cholecystectomy. Without adequate medical management, the size or number of bilomas could have increased, and the clinical signs could have worsened, possibly necessitating aggressive drainage, or surgical treatment (18, 19).

A review of the literature on the use of iotroxate in 2,492 patients had shown that adverse reactions (e.g., anaphylaxis, urticaria, and respiratory distress) do occur in human patients following DIC-CT using meglumine iotroxate (20), but at relatively low rates (3.5%) (21). Additionally, previous studies have suggested that the rate of adverse reactions was three times lower with infusions at a constant rate than with bolus injections (21). Therefore, studies have proposed that the tolerance of intravenous biliary contrast agent can be improved when a slow infusion technique is used in humans (22, 23). Previously reported DIC-CT studies in dogs and cats had also used constant rate infusions over 30 min, with no significant side effects having been reported (12, 13). The current dog also did not show side effects after meglumine iotroxate infusion.

Overall, this case report showed that DIC-CT may be a useful method for detecting the bile leakage site within the intrahepatic duct. Further studies including a larger number of patients are needed to elucidate the usefulness and potential adverse reactions associated with DIC-CT.
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The aim of the present study was to determine whether the echotextural features of the mammary gland parenchyma in buffaloes during lactation at different somatic cell levels could be used to diagnose mastitis. This study was divided into two parts. In the first experiment, experimental buffaloes (n = 65) with somatic cell counts (SCC) tests (n = 94) in different seasons, including spring (n = 22), summer (n = 24), autumn (n = 37), and winter (n = 11), were used to obtain ultrasonic variables for each quarter of mammary gland that could best explain the corresponding somatic cell level. In the second part of the study, the first part's experimental results were verified by subjecting at least one-quarter udder of eight buffaloes to ultrasonography seven times during mid-July to mid-August for obtaining ultrasonic values at different somatic cell levels. The echo textural characteristics [mean numerical pixel values (NPVs) and pixel heterogeneity (pixel standard deviation, PSD)] were evaluated using 16 ultrasonographic images of each buffalo with Image ProPlus software. The effects of SCC, days in milk (DIM), scanning order (SO), season, as well as the scanning plane and udder quarter (SP + UQ) on both the PSD and NPVs of the mammary gland were significant (p < 0.05). The correlation coefficient between pre-milking sagittal PSD and somatic cell score (SCS) was the highest (r = 0.4224, p < 0.0001) with fitted linear model: y = 0.19445x (dependent variable: SCS, independent variables: pre-milking sagittal PSD; R2 = 0.84, p < 0.0001). In addition, SCC and ultrasonic of udder quarter were followed for 1 month, confirming that pre-milking sagittal PSD of mammary gland value could explain the SCC variation in milk. The current study demonstrated that the ultrasonographic examination of the udder could be one of the complementary tools for diagnosing subclinical mastitis in buffaloes.
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INTRODUCTION

Buffalo is the second-largest milk-producing livestock, with an average of 118.162 million tons of buffalo milk per year over the last decade, according to the FAO statistical database (1). Like cows, mastitis is the most serious disease that causes economic loss in the buffaloes (2, 3). Although buffaloes are traditionally thought to be more resistant to mastitis than cows, some characteristics such as higher nutrient content in milk suitable for rapid microbial growth and pendulous udder with longer teats make buffaloes more prone to mastitis (2). In Nepal, the prevalence of subclinical mastitis is as high as 78% in buffalos and 55% in cows (4). Mastitis has a negative effect on milk composition (protein, fat, lactose, and mineral) (5, 6), curdling (7), milk yield (7), and conception rate (suppression to both corpus luteum (CL) diameter and function) (8) in buffaloes. Buffalos in developing countries are mostly raised on a small scale with adequate resources; limited quality research about health, management, nutrition, applied reproduction, and basic physiology (9) makes mastitis detection more difficult due to prevailing environmental and management conditions. Therefore, establishing the methods for early mastitis detection is significant for preventing and treating mastitis.

Early and accurate diagnosis of the disease is an essential part of treatment. Nowadays, many different methods for diagnosing mastitis are being practiced based on SCC and plate-culture techniques (10). SCC is an important indicator for judging subclinical udder infection; mastitis quarters included were defined as clinical mastitis or subclinical mastitis by SCC ≥ 200,000 cells/ml in the European Union, ≥250,000 cells/ml in Australia, and ≥150,000 cells/ml in New Zealand (11). Because of the significance of early diagnosis and early treatment, it is imperative to establish an economical, accurate, and rapid method for diagnosing mastitis on the farm (12).

Ultrasonography is a non-invasive technique that can examine udder for hematoma, abscess, inflammation, milk stones, tissue proliferation, congenital malformation, mucosal lesions, and foreign bodies (13). In recent years, ultrasound has been widely used to examine the anatomical structure of the mammary gland of various animals (14–16). Diagnostic ultrasonography has been employed to get the images of udder structures, including mammary glands with the mammary parenchyma, the lactiferous ducts, the mammary vessels, the teat (teat cistern and teat arteries), the supra-mammary lymph nodes, and the gland cistern (17). Several studies have investigated the relationship between the ultrasonography assessed mammary gland and SCC or mastitis (18–20). Ultrasound technology is considered an effective method for the rapid detection of mastitis.

Ultrasonography facilitates researchers in examining the same animals repeatedly and readily, providing grayscale and two-dimensional images of tissues in real time to evaluate their structure, echogenicity, and homogeneity. Therefore, the objective of this study was to develop a rapid method to detect mastitis by establishing the relationship between somatic cells and mammary echotextural characteristics in buffaloes.



MATERIALS AND METHODS


Experimental Animals

The present investigation was carried out in the buffalo farm of Jinniu Animal Husbandry Co. Ltd., China, from November 2020 to September 2021. The experimental animals were divided into two groups: experimental group (EG, n = 65, test-day records = 94) was tested in the first part and the validation group (VG, n = 8, test-day records n = 54) with at least one-quarter udder was tested in the second part to verify the results of the first part. All lactating buffaloes were housed in the free-stall pens and fed a total mixed rations (TMR) diet. DIM of all the buffaloes enrolled in this study were between 5 and 349 days with the parity between 1 and 6 and milked twice a day, morning and evening, in a parallel milking parlor (6 × 2). The milking machine parameters were set to an operational vacuum of 50 kPa, 64 ± 3 pulsation cycles/min at a ratio of 60:40, which were maintained every 3 months. Data for individual buffalo data were obtained from herd management software (Daily management system for buffalo V1.0).



Milk Sampling

All milk samples from the quarter mammary gland were collected on the morning of the ultrasound measurement, and the first few streams of milk were discarded before collection. Quarter-level SCC milk samples were collected in 50-ml sterile vials with preservatives added in advance that submitted to the Dairy Herd Improvement of Hubei testing center under −60°C conditions for SCC detection by somatic cytometer (CombiFoss FT+ FOSS Analytical, Hillerød, Denmark).



Mammary Gland Measurements

It was challenging to interpret the sensitivity difference between 5- and 7.5-MHz probes in examining the mammary parenchyma (21). Previously, Wang et al. (22) recommended using linear array transducers with high frequencies in conventional ultrasound examinations for superficial organs such as the udder. A high-frequency probe produces a good-quality ultrasound image (23). Hence, real-time B-mode ultrasonography (WED-3000-v, equipped with LNA/6.5 MHz rectal probe, Shenzhen Well; D Medical Electronics Co., Ltd., Guangdong, China) working at 7.5-MHz linear array transducer was used at a depth of 90 mm to examine the udder area of all four mammary glands in lactation buffalo. The same experienced operator did all mammary ultrasound examinations. Mammary ultrasound was consistently examined in the following order: left front, left rear, right rear, and right front using a probe coated with ultrasound gel to enhance contact against the animal's skin. Udders were clipped of excess hair to reduce the influence of hair on ultrasound scan results. The probe was placed directly in the middle of the udders. Ultrasonographic scans of the coronal and sagittal planes of each of the four quarters of the udder were taken immediately before and after milking (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) The probe is located on the coronal and sagittal planes surfaces of the udder quarters. (B1,2) The mammary parenchyma echotexture of the selected area of coronal (B1) and sagittal planes (B2) excluding the areas with lactiferous ducts, gland cisterns, and visible blood vessels formations was calculated using Image-Pro Plus software.


Each buffalo was scanned 16 times, and a total of 1,710 ultrasound images were captured and saved in bitmap (BMP) format. Subsequently, images were transferred using universal serial bus (USB) for computer analysis with USB software Image-Pro Plus 6.0 (National Institutes of Health, Rockville Pike, MD, USA) to analyze, process, and edit grayscale images by pixel value statistics and calculate area to get the intensity values. Areas with lactiferous ducts, gland cisterns, and visible blood vessel formations were not considered for the grayscale analysis (Figure 1B). Grayscale ultrasound images are composed of many luminance elements (pixels) corresponding to multiple acoustic interfaces within the detected tissues (24). Numerical pixel values (NPVs) were defined as a quantitative measure of pixel brightness, and pixel heterogeneity [pixel standard deviation (PSD)] was the standard deviation of NPV in the region of interest. The mean NPVs and pixel heterogeneity (PSD) values were calculated based on the brightness (absolute black, 0, to absolute white, 255) of the selected area of each ultrasound image (25). The echotextural characteristics of mammary gland parenchyma (pre-milking coronal NPVs, pre-milking sagittal NPVs, pre-milking coronal PSD, pre-milking sagittal PSD, post-milking coronal NPVs, post-milking sagittal NPVs, post-milking coronal PSD, and post-milking sagittal PSD) were obtained by combining ultrasonic image and computer software.



Ultrasonography of Udder Quarter at Different SCC Levels

To verify the echotextural variable's accuracy in detecting mastitis, at least one of the four udders of eight buffaloes of parity (2–5) with days in milk (DIM, 25–224), milk yield (MY mean, 6.01), and SCC tests (n = 54) was examined based on SCC tests (>200,000 cells/ml) of quarter milk samples. Mastitis can transfect to other quarter udder regions if not treated. Collecting milk samples and mammary glands ultrasound examination were carried out seven times at an interval of 6 and 1 day, respectively and followed up for 30 days to obtain mammary parenchyma echotexture images at different somatic cell levels.



Statistical Analysis
 
Factors Affecting Mammary Gland Echotexture

The data from 94 test-day records from 65 buffaloes were included in calculating the fixed effects using SAS's general linear model (GLM) procedure implemented in SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) (26). The main effects are DIM, parity, season, SCC, scanning plane for each quarter, and scanning order (SO). The echotextural variables were determined by GLM as follows:

[image: image]

where Yijklmn is the NPVs or PSD; μ is the population mean of the model; DIM is fixed effect of lactation period (i = 1–4, the first class is DIM in 5–90 days and followed by classes of 90 days each, until the fourth class is 271–349 days); parity is fixed effect of the number of lactations (j = 1 to 3, primiparous were first levels, 2–3 parities were second levels, and 4–6 parities was the third level); season is fixed effect season of measurement [(k = Spring (April), Summer (July and August), Autumn (November), and Winter (January)]; SCC is fixed effect of somatic cell counts (l = 1–5, 1: <200,000 cells/ml, 2: 200,000–500,000 cells/ml, 3:500,000–800,000 cells/ml, 4:800,000–5,000,000 cells/ml, and 5:>5,000,000 cells/ml); SO is fixed effect of SO (m = 1 to 2, before or after milking); UQ + SP is fixed effect of scanning plane for each quarter (n = l to 8, sagittal vs. coronal within left front vs. left back vs. right back vs. right front udder quarter); SO × (UQ + SP) is the fixed effect of the interaction between SO and UQ + SP; and eijklmn is the random residual.



Correlation Analysis and Linear Regression Between SCS and Mammary Gland Echotexture

For normality and homogeneity of the SCC variable, the transformation formula SCS = 3 + log2 (SCC/100,000) was used, using only data from the 94 test-day records from 65 buffaloes. Pearson correlations analysis was performed using the PROC CORR in SAS (version 9.4, SAS Institute Inc., Cary, NC, USA) (27). DIM, parity, and season were added to the process as a covariate based on factors affecting mammary gland parenchyma echotexture. According to the correlation analysis results, the general linear regression model was fitted by PROC REG procedure to determine the association between SCS (dependent variable) and mammary gland parenchyma echotexture (independent variables).



Changes of Mammary Gland Echotexture at Different SCC Levels

Mean values of mammary gland echotexture at different somatic cell levels (<200,000 cells/ml, 200,000–5,000,000 cells/ml, and >5,000,000 cells/ml) were obtained after 1-month follow-up and compared by ANOVA using SAS (version 9.4, SAS Institute Inc., Cary, NC, USA) (28). The data were visualized using the software package GraphPad Prism 6 (version 6.0c; GraphPad Software, Inc., La Jolla, CA, USA) (29).





RESULTS


Factors Affecting the Echo Textural Characteristics of Mammary Gland Parenchyma

Table 1 shows that the effects of SCC, DIM, SO, season, as well as the UQ + SP on both the PSD and NPVs of mammary glands were significant (PSD: SCC, p < 0.0001; DIM, p = 0.0101; SO, p = 0.0003; Season, p < 0.0001; UQ + SP, p < 0.0001; NPVs: SCC, p = 0.0478; DIM, p < 0.0001; SO, p = 0.0406; Season, p < 0.0001; UQ + SP, p < 0.0001). Whereas, parity and SO × (UQ + SP) on PSD were not found to have an effect on any of the measurements (parity, p = 0.4901; SO × (UQ + SP), p = 0.2901). Parity and SO × (UQ + SP) were found to have an effect on NPVs (parity, p < 0.0001 − SO × (UQ + SP), p = 0.0283).


Table 1. Factors affecting the echotextural characteristics of mammary gland parenchyma (NPVs and PSD).
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Mean PSD was the lowest in the SCC <200,000 cells/ml and increases with SCC increase (24.46 vs. 25.40 vs. 25.64 vs. 26.88 vs. 27.12; Table 2 and Figure 2). Mean PSD value of front half udder was larger than that of rear udder half, while mean NPV value was the opposite (PSD: 26.72 vs. 25.09; NPVs: 60.30 vs. 63.36; front half udder compared with rear udder half, respectively). During summer, PSD value was the highest compared with other seasons (summer: 27.17 vs. spring: 25.37 vs. autumn: 24.98 vs. winter: 26.07; p < 0.05). NPV value in spring was significantly lower than that in other seasons (spring: 47.74 vs. summer: 64.04 vs. autumn: 66.18 vs. winter: 69.35; p < 0.05). PSD were greater after than before milking, but NPVs were the opposite (PSD: 25.53 vs. 26.27, p < 0.05; NPVs: 62.73 vs. 60.93, p < 0.05; before compared with after milking, respectively). PSD and NPVs were highest between 5 and 90 days of lactation (PSD: 26.56; NPVs: 72.96).


Table 2. The least square means of NPVs and PSD by SCC, DIM, season, UQ + SP, and SO categories for buffaloes (Mean ± SEM).
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FIGURE 2. The least square means of PSD by SCC categories for buffaloes.




The Relationship Between Echotextural Characteristics of Mammary Gland Parenchyma and SCS

Four PSD traits were highly significant and positively correlated with SCC among echotextural characteristics of the mammary gland parenchyma and SCC of the milk obtained in the period before and after milking, respectively (p < 0.0001), but non-significant with NPVs (p > 0.05), respectively (Table 3). The correlation coefficient between pre-milking sagittal PSD and SCS was the highest (r = 0.4224, p < 0.0001), compared with pre-milking coronal PSD (r = 0.30734, p < 0.0001), post-milking coronal PSD (r = 0.27354, p < 0.0001), and post-milking sagittal PSD (r = 0.26595, p < 0.0001). The high value of adjusted R2 (0.82 to 0.84) indicated that the linear model of PSD fitting explained sufficient variability in SCC in milk. Pre-milking sagittal PSD had explained higher variation (Y = 0.19445 ×, adjusted R2 = 0.84) and fitted better than other models (Table 4).


Table 3. Pearson correlations coefficients between echotextural characteristics of mammary gland parenchyma and SCS (n = 94 test-day records).
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Table 4. The linear model between SCS and pre-milking sagittal, pre-milking coronal PSD, post-milking coronal PSD, and post-milking sagittal PSD.
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Changes of Mammary Gland Echotexture of Quarter-Level at Different SCC Levels

All the data were reported as the average of the same SCC level in seven ultrasonic testing and SCC levels varied in 24 out of 32 mammary glands. The PSD value for most quarter udder increases with somatic cells (Table 5 and Figure 3). A one-way ANOVA test was used to compare the pre-milking sagittal PSD values for different levels of SCC. The results showed that pre-milking sagittal PSD varied significantly (p = 0.003) between different levels of SCC. The pre-milking sagittal PSD value reached the lowest value at SCC <200,000 cells/ml and significantly lower than other levels (SCC <200,000: 24.85 vs. 200,000–5,000,000: 27.70 vs. SCC > 5,000,000: 28.12, p < 0.01).


Table 5. Descriptive statistics pre-milking sagittal PSD of the mammary gland in a single udder quarter using ANOVA analysis by SCC (54 test-day records for eight buffaloes).
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FIGURE 3. Pre-milking sagittal PSD values of 24 quarter-level udders at different somatic cell levels.





DISCUSSION

The quality of feed, milking equipment, health conditions, and management systems of buffalo are all-inferior to those of cows, which significantly affects the prevention, diagnosis, and treatment of mastitis in buffalo, especially at the farm level. California mastitis test for diagnosing mastitis has the advantage of being quick and easy to perform on the farm. However, it results in subjective and indirect determination, which instigates finding more accurate techniques (30). The effectiveness of ultrasound for detecting mastitis in buffalo was first confirmed (14). Ultrasound has been used as a diagnostic tool for several decades. However, its use in buffalo just started in the last decade, and there is a shortage of literature on the relationship between ultrasound and mastitis in buffaloes (31). The purpose of this study was to determine the relationship between mammary gland echotexture values and SCC in milk and finally to find a simple and accurate diagnosis method for buffalo mastitis. To the author's knowledge, this was the first attempt to correlate quantitative echotextural characteristics of the udder with SCC in buffaloes.

Udder fibrosis and atrophy due to chronic mastitis had hyperechoic cordial bands representing the fibrous tissues, replacing the glandular tissues in buffaloes (14). The ultrasonographic examination may explain internal structure changes in the mammary gland and teat tissue of animals with fibrosis and mastitis (14). The characteristic changes of mammary glandular parenchyma, teat, and the milk that occurred during all different mastitis phases show the different intensities of echogenicity (32). The grayscale intensity values of mammary parenchyma in pregnancy toxemia were significantly greater than in healthy controls. Not only in the mammary gland, pixel intensity and pixel heterogeneity in the testicular parenchyma was also related to male reproductive health (33, 34).

Currently, SCC, either from the whole udder or quarter, has been the best indicator of the mammary glands' inflammatory status (30, 35). A previous study has reported that the image of the udder with mastitis appeared as hyperechoic parenchyma in buffaloes (36). The current study showed a weak correlation between SCS and NPVs, which may be caused by mastitis, leading to local hyperechoic mammary ultrasound without a significant increase in the mean value of NPVs. According to various studies, the ultrasonography of normal mammary parenchyma depicts a homogenous structure (17, 37, 38). On the contrary, mammary glands with mastitis reveal non-homogenous regions in mammary gland parenchyma from hypo- to hyperechoic (23, 39). Believing that lack of milk secretion makes visualization of the mammary structures more complex, they suggested performing an ultrasound at least 2 h after milking for optimal visualization. These support the present study results; the correlation coefficient between PSD value and SCS was more significant before milking. In addition, SCC and ultrasonic of udder quarter were followed for 1 month, confirming that pre-milking sagittal PSD of mammary gland value could explain the SCC variation in milk.

The present study found that examining the structures of the mammary gland parenchyma with vertical positioning showed better results than the horizontal direction, contradictory to findings in goats (39). However, Schwarz et al. (40) reported that examining the vertical plane of the mammary gland was more suitable and could describe the significant correlation between echotextural variables and milk composition (protein and lactose during both milking periods).

Our study showed that echotextural characteristics of the mammary parenchyma were influenced by many factors, including DIM, seasons, and measurement methods. Therefore, these factors should be considered while interpreting the ultrasonic-related effects. In our study, PSD values of the mammary gland were highest at 5–90 days of lactation and in summer. Coincidentally, Riekerink et al. (41) found that bulk milk SCC peaked in August to September during 4 consecutive years. Further, Morse et al. (42) found that clinical mastitis increases with increased temperature–humidity index value in summer. Hossein-Zadeh and Ardalan (43) reported that the odds of clinical mastitis increased in the first month of lactation. Early lactation mastitis occurs because of unresolved intramammary infections or the formation of intramammary infections during the dry period. A study in cows by Barkema et al. (44) shows that rear quarters were more likely than front quarters to have mastitis and high SCC. On the contrary, Hammer et al. (45) found that a quarter position is not associated with the risk of developing mastitis. However, the PSD value in the front quarters was higher than that in the rear quarters, which was confirmed in the study of Ali et al. (46), who found that the prevalence of mastitis was higher in the front quarters compared to the rear quarters in buffalo (prevalence of sub-clinical mastitis: front quarters 98/400 vs. rear quarters 85/400).

Interestingly, the results of our study showed that, before milking, the NPVs values were significantly higher than after milking, which was different from the results in cows (40). In agreement with current study findings, the PSD value of the mammary glands was larger after milking than before milking in Olkuska ewes (21). The variation in parenchymal echotexture can be explained by the differences in milk chemical composition and parenchymal tissue microstructure among different animals (21). The difference in the NPVs between dairy cows and buffaloes could be due to the much higher milk yield of cows than buffalo [34.71 kg/days vs. 9.01 kg/days (47, 48)]. A small amount of buffalo milk as fluids with a high total solid and fat content (49) plays the role of an acoustic window and without significantly reducing mammary grayscale intensity values.



CONCLUSION

Despite the availability of different traditional and novel diagnostic tools for early mastitis diagnosis, there is no gold for testing as all tools have limitations; hence, a multifaceted approach is advised to improve udder health. Ultrasound is an economical, rapid tool for detecting mastitis on dairy farms. The PSD and NPVs of mammary were significantly associated with SCS, DIM, SO, season, as well as the scanning plane and udder quarter (p < 0.05). The correlation coefficient between pre-milking sagittal PSD and SCC was the highest (r = 0.4224, p < 0.0001). The pre-milking sagittal PSD of mammary gland value could explain the SCC variation in milk well. Computer-assisted pixel analysis of mammary gland ultrasonograms examination of the udder can aid in diagnosing subclinical mastitis in buffaloes. However, further research is needed to validate the current study's findings and statistical methods with large sample size and data.
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Heat stress (HS) diminishes the testicular antioxidant defense systems, which adversely affect the testicular blood perfusion. Improving the testicular hemodynamics during HS conditions is of a great impact on the whole reproductive performance in rams. This study aimed to evaluate the ameliorative effects of L-carnitine (LC) on the testicular blood flow and echotextures and also on the total antioxidants (TAC) and nitric oxide (NO) concentrations in the serum during HS conditions in rams. Testicular blood flow was evaluated through scanning of the supra-testicular artery (STA) spectral patterns through pulsed Doppler ultrasonography [peak systolic velocity (PSV), end-diastolic velocity (EDV), time average maximum velocity (TAMAX), resistive index (RI), and pulsatility index (PI)], while the echotexture assessment of testicular parenchyma was performed by a computerized software program. Moreover, TAC and NO concentrations were assayed colorimetrically using the spectrophotometer. There were significant decreases (P < 0.05) in values of PSV at 48 and 168 h (23.45 ± 0.39 and 23.37 ± 1.41 cm/s, respectively), and TAMAX at 1, 48, and 168 h (17.65 ± 0.95, 17.5 ± 0.13, and 16.9 ± 1.05 cm/s, respectively) after LC administration compared to just before administration (31.92 ± 1.13 and 21.58 ± 0.92 cm/s, respectively). Values of RI and PI of the examined STA significantly decreased, especially at 1 h for RI (0.45 ± 0.02) and 1 and 48 h for PI (0.66 ± 0.06 and 0.65 ± 0.05, respectively) after LC treatment to 0 h (0.55 ± 0.03 and 0.84 ± 0.06, respectively). The EDV values did not show any significant (P < 0.05) changes in all the experimental time points. There were significant (P < 0.05) increases in the values of pixel intensity of the testicular parenchyma, especially at 1 and 168 h (78.71 ± 2.50 and 88.56 ± 4.10, respectively) after LC administration, compared to just before administration (69.40 ± 4.75). Serum NO levels tend to increase after LC administration (P = 0.07) concerning just before administration. While TAC values showed significant gradual increase and reached the highest values at 168 h (2.75 ± 0.58 mM/l) after LC administration, compared to 0 h (1.12 ± 0.05 mM/l). In conclusion, exogenous LC administration ameliorates testicular hemodynamic disruptions, as measured by spectral Doppler ultrasonography, via augmentation of the rams' total antioxidant capacity under HS conditions.

Keywords: Doppler ultrasonography, heat stress, L-carnitine, nitric oxide, rams, total antioxidant capacity


INTRODUCTION

Global warming is one of the most common topics in the world public opinion these days, with many adverse environmental consequences, especially in the field of animal reproduction competence. Environmental thermal stress (TS) triggers oxidative stress (OS) cascade and deteriorates semen quality and fertilizing potential in rams (1, 2), Holstein bulls (3), Shiba goats (4), rabbit bucks (5), and buffalo bulls (6). In rams, elevated testicular temperature induces OS, which in turn diminishes both sperm motility and viability and increases total sperm abnormalities (7). Thermal stress initiates increases in antioxidant defense systems (8) followed by its decline in long-lasting TS via decrement of the mRNA expression of the mitochondrial superoxide dismutase (SOD)-1 with a subsequent decrease in SOD protein synthesis and activity, and more generation of superoxide anion (SOA) and cell apoptosis (9).

The positive association between arterial blood flow of the testes and its exocrine (sperm) and endocrine (testosterone hormone) functions has been reported in rams (10, 11), goat bucks (12), donkeys (13), and stud dogs (14). The main route through which testis could be enriched with oxygen and nutrients supply is the testicular artery (TA). Therefore, any alteration in the testicular blood perfusion affects both spermatogenesis and steroidogenesis, with subsequent loss of fertility (15, 16). Spectral Doppler ultrasound is a non-invasive reliable method for an organ function assessment via its blood flow measurement (13, 17). The use of testicular blood flow measurement as a potential predictor for male fertility has been applied in many species (14, 18, 19). Resistant index (RI), pulse index (PI), peak systolic velocity (PSV), end-diastolic velocity (EDV), and time-averaged maximum velocity (TAMAX) are the most commonly used parameters for providing a clear judgment on the organ hemodynamics (20).

Digital analysis of the testicular tissue B-mode ultrasound image [testicular echotexture (TE)] has become a useful tool for evaluating the male reproductive functions in different animal species (4, 21). The pixel matrix of the ultrasound image has a score from 0 to 255, with 0 assessed as black color, and 255 corresponds to white color with varying gray color in-between (21). Testicular histology (22), blood flow (4), and sperm-quality parameters (21) governed the degree of TE.

Decreased testicular blood perfusion in heat-stress conditions was reported in rams (10, 11) and goat buck (23). Several attempts have been reported to improve the testicular hemodynamics by administering exogenous treatments in rams and goat bucks with potential outcomes, that finally reflected on the whole male fertility, such as melatonin, gonadotropin-releasing hormone (GnRH), and luteinizing hormone (LH) (12, 19, 24, 25). L-carnitine (LC) is a vitamin-like bioenergetic amino acid that exists ubiquitously in different tissue types, such as heart, skeletal muscle, testes, and epididymis. LC has a substantial role in cell energy production via fatty acids (long-chain) transport through mitochondrial membranes and subsequent ATP synthesis via the β-oxidation process. Moreover, LC clears the mitochondrial matrix from the accumulated toxic acyl-CoA. L-carnitine protects the cell against OS via its antioxidative properties through free radicals (SOA, hydrogen peroxide) capturing and lipid peroxidation inhibition (26–28). Many studies have declared that LC enhances male fertility via improving reproductive hormones (29, 30), semen quality (28), antioxidant capacity (28, 31), and gene (GnRH and melatonin) modulation (28, 32, 33). Therefore, the authors postulated that LC administration to heat-stressed rams could alleviate the heat-stress-mediated testicular hemodynamics impairment and improve testicular functions. To the maximum of the authors' knowledge, studying the effect of LC on the rams' testicular hemodynamics in rams housed under heat-stress conditions has not been elucidated. Therefore, this study was aimed, for the first time, to investigate the effects of LC administration on testicular hemodynamics (RI, PI, EDV, PSV, and TAMAX), TE, serum nitric oxide, and total antioxidant concentrations in heat-stressed Ossimi rams.



MATERIALS AND METHODS

The experimental procedures of this study were carried out in the summer season (June–August 2021) at the farm of the Theriogenology Department, Faculty of Veterinary Medicine, Cairo University, Giza Governorate, Egypt (30.0276°N, 31.2101°E), following the accreditation of the ethical committee for animal use.


Animals and Care

Fifteen adult Ossimi rams (55.35 ± 3.5 kg body weight) and aged 3.5 ± 0.16 years, were used in this study. The inclusion criteria were adjusted based on the clinical, cardiovascular, and andrological fitness, based on physical and ultrasound examination. Rams that showed normal heartbeats, pulse rate, capillary refilling time, rectal temperature, and absence of hyperechogenic masses in the testicular ultrasonograms were favored the inclusion criteria. Therefore, only 15 rams were selected, for experimental procedures, out of 23 rams that were submitted to the above-mentioned examinations. Rams' housing was in the open air in a paddock belonging to our department, subjected to normal environmental light, temperature, and humidity. The feeding regime was a mixed formula of concentrate pellets (14% crude protein and energy requirements of 6.39 MJ/kg diet) and green feed with ad libitum availability of fresh tape water. They were examined regularly during the experimentation with prophylactic vaccination and deworming programs against endemic diseases in Egypt.



Rams' Heat-Stress Assessment

The temperature (T) and relative humidity (RH) at each time point during the study were over 36°C and 60%, respectively, according to the Egyptian meteorological authority (Cairo, Egypt). The temperature-humidity index (THI) was calculated [THI = T – (0.31 – 0.31 RH) (T – 14.4)] following a previous study that described the relationship between sheep heat-stress and meteorological conditions (34). Based on the study mentioned later, the rams used in this study were subjected to severe environmental heat stress (THI ≥ 32.5).



Experimental Protocol

As explained in Figure 1, heat-stressed rams (n = 15) were examined sonographically either by spectral Doppler for the supra-testicular artery of the right and left testis and B-mode scanning of the testicular parenchyma or blood sampling just before (0 h) treatment with LC. Each ram was treated with a single intravenous (jugular vein) injection of LC [20 mg/kg body weight; Mepaco Corporation, Egypt; (35)] and examined at 1, 4, 24, 48, and 168 h after LC administration. The examination time points were selected based on the LC pharmacokinetics, especially the clearance time (36). All the experimental procedures, namely, testicular hemodynamic measurements and echotextures, nitric oxide assessment, and total antioxidant capacity assay, were repeated three times 2 weeks intervals during the same heat-stress conditions.
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FIGURE 1. A schematic diagram shows the experimental design, in which fifteen Ossimi rams exposed to environmental heat stress (temperature-humidity index = 32.5) were administered L-carnitine (LC; 20 mg/kg BW; IV) and underwent ultrasound examination and blood sampling just before L-carnitine administration (0 h) and 1, 4, 24, 48, and 168 h post-LC administration.




Obtaining Blood Samples and Biochemical Analysis

Blood samples (5 ml) were obtained from each ram through jugular venipuncture into plain tubes, just before ultrasonographic assessments at each time point. After centrifugation (15 min) of the drawn blood samples at 1,207 g, the serum samples were harvested and stored (−20°C) till further measurements of nitric oxide metabolites (NOMs) and total antioxidant (TAC) concentrations.

Concentrations of NOMs were measured using commercial kits (nitric oxide kit, Bio-diagnostic, Dokki, Egypt) using a spectrophotometer at 540 nm wavelength. The NOMs inter- and intra-assay coefficient variations were 6.9 and 5.3%, respectively, with assay sensitivity of 0.225 μmol/l in nitrites form (37).

Assessment of TAC was done using commercial kits (total antioxidant capacity, Bio-diagnostic, Dokki, Egypt) spectrophotometrically at a wavelength of 505 nm, based on a previous study (38). The assay rationale is the measurement of the suppressive ability of the sample on sodium benzoate conversion to thiobarbituric acid substances via reactive oxygen species (ROS) generated from Fenton's reaction (39).



Ultrasound Examination

During all the studied time points, sonographic measurements including pulsed-wave Doppler of the right and left supratesticular arteries (STAs) and TE were carried out by the same investigator. An ultrasound device (SonoScape E1V, SonoScape Medical Corp., China) supplied with a 7–14 MHz linear array probe was used for all ultrasonographic measurements. Following a previous study (23), the animals were restrained properly without any sedative agents administration, and the scrotal wool was shaved totally on both sides of each testis till the spermatic cord, and the transducer was loaded with a large amount of ultrasound gel for obtaining clear images for the testes and STA. Just before the testicular inlet, the rams' STA appeared tortuous and convoluted meshed with testicular veins. The instant spectral pattern of the STA (systole and diastole) governed the vessel's discrimination. After a clear view of the STA waveform, pulsed-wave Doppler was used for measurements of the following parameters: (1) PSV (cm/s); (2) EDV (cm/s); and (3) TAMAX (cm/s). From the later-mentioned Doppler parameters, both RI (RI = PSV – EDV/PSV) and PI (PI = PSV – EDV/average velocity) were calculated. All the device settings (brightness, focus, contrast, and gain) were adjusted and fixed throughout the study by the same investigator. The angle between the targeted vessel longitudinal axis and the Doppler beam was ≤60° with 0.5 mm Doppler gate diameter and 50 MHz high-pass filters.

For TE assessment (22), a clear image, without artifacts, of the longitudinal and transverse aspects of both testes was frozen and saved for further digital computed analysis. The saved images were recalled and examined for testicular echogenicity (TE; the average number of pixels) and pixel heterogeneity (PH; the standard deviation of the pixels) utilizing image analysis software (Adobe Photoshop 64 CC software; Adobe Systems, 2016), by adjusting a 1 cm × 1 cm square in the testicular parenchyma (in 3 different areas) concerning the central positioning of the mediastinum testis (the most hyperechoic part of the testis) (Figure 2).
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FIGURE 2. Ultrasonograms of the testicular parenchyma in which echotextures were assessed by placing at least 3 squares (1 cm × 1 cm) and underwent computed digital analysis (Adobe Photoshop 64 CC software); (A) represents testicular parenchyma with low echotexture, whereas (B) represents higher echotexture.




Statistical Analysis

The obtained data concerning the testicular hemodynamics (PSV, EDV, RI, PI, and TAMAX), TE and PH, and biochemical analysis (NOMs and TAC) are presented as means ± SEM. The normality and homogeneity of the results were tested using the Kolmogorov–Smirnov test and chi-squared test, respectively. The differences between rams regarding the right and left testes were nonsignificant; therefore, the obtained results were pooled, and the comparisons were done between the different studied time points. Repeated measures ANOVA test was used for discrimination of the differences among the means in the studied time points, and finally with Bonferroni post hoc test. GraphPad Prism5 software was used for all the studied statistical assessments. P < 0.05 was considered as statistically significant.




RESULTS


Effects of LC Administration on Blood Flow Hemodynamic Patterns

The temporal changes in testicular blood flow patterns of the STA of heat-stressed rams administered LC in this study are shown in Table 1. There were significant decreases (P < 0.05) in values of PSV at 48 and 168 h (23.45 ± 0.39 and 23.37 ± 1.41 cm/s, respectively) and TAMAX at 1, 48, and 168 h (17.65 ± 0.95, 17.5 ± 0.13, and 16.9 ± 1.05 cm/s, respectively) after LC administration compared to just before administration (31.92 ± 1.13 and 21.58 ± 0.92 cm/s, respectively). Regarding the LC administration effects on RI and PI values of the examined STA, there were significant (P < 0.05) decreases, especially at 1 h for RI (0.45 ± 0.02) and at 1 h (0.66 ± 0.06) and 48 h (0.65 ± 0.05) for PI after LC treatment compared to 0 h (RI: 0.55 ± 0.03, PI: 0.84 ± 0.06), whereas, the EDV values did not show any significant (P < 0.05) change in all the experimental time points.


Table 1. Means ± SEM of the Doppler ultrasound measures of the supra-testicular arteries at the studied time points: just before LC treatment (0 h) and 1, 4, 24, 48, and 168 h post-treatment in Ossimi rams (n = 15).
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Effects of LC Administration on Testicular Echogenic Properties

The changes in echogenicity of the testicular parenchyma after LC treatment concerning the studied time points in this study are given in Table 2. There were significant (P < 0.05) increases in the values of pixel intensity of the testicular parenchyma, especially at 1 and 168 h after LC administration (78.71 ± 2.50 and 88.56 ± 4.10, respectively), compared to just before administration (69.40 ± 4.75). While the PH of the testicular tissue did not exhibit any significant (P < 0.05) changes throughout the study time points.


Table 2. Means ± SEM of the pixel number and its standard deviation (testicular echogenicity and pixel heterogeneity) of the testicular parenchyma ultrasound B-mode images as analyzed using Photoshop program at the studied time points: just before LC treatment (0 h) and 1, 4, 24, 48 and 168 h post-treatment in Ossimi rams (n = 15).
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Effect of LC Administration on Total Antioxidant Capacity and Nitric Oxide Concentrations

The serum total antioxidant capacity and nitric oxide levels in heat-stressed rams administered LC in this work are shown in Table 3. The NO levels in the rams' serum tended to increase (P = 0.07) after administration of LC compared to just before administration. Whereas the total antioxidant capacity showed significant (P < 0.05) gradual increases and reached the highest values at 168 h (2.75 ± 0.58 mM/l) after LC administration, compared to 0 h (1.12 ± 0.05 mM/l).


Table 3. Effects of LC administration on serum NO and TAC concentrations of the heat-stressed rams at 1, 4, 24, 48, and 168 h after treatment vs. 0 h.
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DISCUSSION

Male reproductive potential under HS conditions faces several obstacles, namely, sperm production decrement, OS, cellular apoptosis, steroidogenesis deficit, testicular hemodynamic disruption, and fertility decline (40). Several trials have been adopted to overcome the negative impact of heat stress in different species by using antioxidants (41–44). L-carnitine, a natural antioxidant, was used extensively in the perspective of cellular bioenergetics, glucose uptake, steroidogenesis, and antiapoptosis under different environmental conditions in different species (26, 29, 30, 35); however and interestingly, this study is the first, according to the best of the authors' update, to use LC for alleviation the adverse effects of heat stress on testicular blood flow (TBF), TE, nitric oxide (NO), and total antioxidants (TAC) concentrations in Ossimi rams. This study showed that treatment of heat-stressed Ossimi rams with LC exerted a significant improvement in testicular blood perfusion. Interpretation of testicular blood flow enhancement is based on RI, PI, PSV, and TAMAX decreases, which explain the elevation of arterial blood perfusion and decrease of the vessel resistance to blood flow. These changes warrant higher testicular blood perfusion (45, 46). The way how LC improved TBF was not certainly clarified in this work; however, many pathways can describe these actions. First, LC may improve TBF through its cardioprotective effect on the myocardium, via the promotion of pyruvate oxidation, even at ischemic injury conditions, and helps the heart to recover properly, which affects directly the testicular irrigation with blood (47, 48). Moreover, LC protects the cardiac function through its antiapoptotic properties of the vascular endothelium, evidenced by upregulation of Bcl2 (antiapoptotic) and downregulation of BAX (apoptotic) genes and insulin-like growth factor-1 (49). It would be quite interesting to investigate different parameters of the cardiac and vascular performance regarding the possible testicular blood modulations induced by LC administration in further studies. Healthy vascular endothelial cells produce optimum nitric oxide (potent vasodilator) concentrations resulting in higher blood flow to the reproductive tract (47). Also, LC has a direct effect on NO production in the pulmonary endothelial cells via the carnitine acetyltransferase enzyme (50). In addition, LC deficiency induces mitochondrial dysfunction, lessens ATP production and vascular NO synthesis (51). Surprisingly, the differences in NO concentrations between the studied time points in this study were nonsignificant but tended to increase (P = 0.07). Earlier studies in men indicated that administration of LC either through oral or parenteral routes provoked NO bioavailability (52, 53). This discrepancy might be due to the differences in the dose (around 1 g/ram), frequency (single dose), and route of administration (IV) of LC treatment in this study compared to the aforementioned reports. The selected dose might be insufficient to elevate the NO concentration, as 1 g of LC may be enough for exerting antioxidant capacity and protecting the cellular components against lipid peroxidation (53), as proposed by the obtained results; whereas, for the elevation of NO, LC should be administered at a dose of at least 3 g daily (52). Second, the role of LC in mitochondrial functions should be considered, through fatty acid transfer, energy production, and removal of excess acyl-CoA, promoting optimum cellular functions in the whole body organs including heart and testes (26, 42, 48). Third, LC as a potent antioxidant protects the testicular cells from the free radicals (SOA and hydroxyl radicals) attacks by capturing them (26), these radicals stimulate the nitric oxide conversion to peroxynitrite (54), thus decreasing its bioavailability which, in turn, lead to decrease TBF. Fourth, LC may affect hypothalamic functions, manifested by elevated blood FSH and LH concentrations which, in turn, modulate testicular hemodynamics and functions (29, 32).

In Ossimi rams, decreased testicular blood flow was reported in the summer season (10). However, there were recent studies indicating a marked increase in testicular blood flow to compensate for increased testicular metabolism under HS conditions (55–57). Indeed, heat stress induces increases in testicular blood perfusion if the heat stress is locally induced on the testes directly (55, 57). However, in our experiment, the rams were exposed to thermal environmental conditions for about 3–4 weeks before the onset of the experiment (summer season). Second, our results may not be consistent with the findings in the above-mentioned literature, as these changes are dependent on whether the testicular temperature exceeded the core body temperature or not. In this study, rams were exposed to ambient temperature (>36°C) and relative humidity (>60%) with temperature-humidity index (32.5) that their effect might be generalized on different body systems. Moreover, the difference in rams' breed adaptability to the thermal conditions may be another factor that should be considered.

Studying the testicular echogenicity provides a complementary noninvasive testicular function evaluation through pixel intensity calculation (21). In this study, there was a significant change in TEs; these changes might be due to increased testicular perfusion with blood. Moreover, the relation between the testicular echogenic and hemodynamic changes has been reported (25) and changes in TE affect the testicular functions (10, 21, 23). Explanation of increases in TE observed at 1 h might be attributed to the higher vascular irrigation. A recent study proposed that higher cellular condensation and vascular irrigation are correlated with higher echogenic changes of the testicular parenchyma of rams, and vice versa (58). At 168 h, increases in TE might be attributed to the improvement of total antioxidant capacity compared to 0 h with subsequent amelioration of the OS status that may enhance the functionality of the cellular matrix of the testis including Sertoli, Leydig, and the spermatogenic cells (59).

Heat-stressed rams treated with LC, in this study, experienced significant (P < 0.05) higher concentrations of plasma TAC. These findings are in line with many studies conducted in different animal species (26, 53, 60). The improvement in reproductive antioxidant defense systems may be due to the increase in reduced glutathione concentration and activities of glutathione peroxidase, catalase, and SOD enzymes (28, 61, 62), which protect the reproductive organs' defense systems against ROS attacks.

The authors thought that comparing the studied parameters before and after administration of LC is appropriate to test the effects of LC on the same individual of rams (to avoid individual variations). Moreover, to validate the results, the experimental procedures were repeated three times at a 2-week interval in the same conditions. However, the inclusion of the control group in the experimental protocol and examination of a big number of rams may be important to be conducted in a further study. In addition, clarification of the effects of different doses, protocols, routes, and forms of LC on testicular functionality, semen quality, and molecular basics of how LC affects TBF in rams in adverse conditions are valuable to be conducted.



CONCLUSION

A single intravenous administration of LC improves testicular hemodynamics (by lessening RI and PI of supra-testicular arteries) and TEs and was followed by an increase in total antioxidants concentrations in Ossimi rams during the heat-stress conditions. However, further studies are needed to be conducted to clarify the effects of different doses, protocols, routes, and forms of LC on testicular functionality, semen quality, and molecular basics of how LC affects TBF in rams in adverse conditions.
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This retrospective case series describes imaging findings in seven dogs and two cats with a presumptive diagnosis of sclerosing encapsulating peritonitis (SEP) between 2014 and 2021. Peritoneal effusion was present in all animal patients. Sonographically, echogenic fluid with or without echogenic intraperitoneal septations, gathered or corrugated bowel loops, and abdominal lymphadenomegaly were suggesting an inflammatory process and the presence of adhesions. Gathering of the bowel with abdominal distension and/or signs of intestinal obstruction were major findings on radiographs. Abdominal fat stranding was an additional finding in animals undergoing a CT examination. Previous surgery, pregnancy, and the presence of a perforating foreign body were potential predisposing causes in 4/9 animals. Peritonitis was septic in 4/9 animals. As SEP is a rare condition but life threatening, this detailed description of imaging findings in a short case series can be useful for a presumptive diagnosis and surgical planning.

Keywords: feline, canine, diagnostic imaging, sclerosing encapsulating peritonitis, ultrasound, radiograph (X-ray), computed tomography


INTRODUCTION

Sclerosing encapsulating peritonitis (SEP), also referred as “chronica fibrosa encapsulata,” “icing sugar bowel” or “fibroplastic peritonitis” in the literature, is defined as a chronic inflammatory condition often of unknown etiology in which the small intestines are encased in a dense fibrocollagenous membrane (1, 2). It is believed that this pathology results from low grade or subclinical peritonitis that eventually progressed to multiple adhesions and membrane formation, with sclerosing granulation or fibrous tissue encapsulation, and sometimes distortion of the viscera (1, 2).

This pathological entity is uncommon in dogs and rare in cats (3–16). Only few cases are published and beside three case series published in the 90's (3–6), the most recent cases enriching the veterinary literature are single case reports (8–16). In humans, SEP most commonly manifests as recurrent acute, subacute or chronic intestinal obstruction. Clinical presentation of SEP in animals is variable and rather nonspecific: most cases present with chronic peritoneal effusion with or without digestive signs, including vomiting, diarrhea, anorexia, and abdominal pain (4–7, 9–16). Some animals diagnosed with SEP are reported with a history of abdominal foreign bodies or chronic bacterial infections but most of the time the disease seems to be idiopathic (17). Therefore the designation primary idiopathic SEP as opposed to secondary SEP has been suggested (1, 2).

Because imaging is a routine part of the work-up of cases with abdominal symptoms, the objective of this retrospective study is to provide a detailed description of the most common imaging findings of SEP determined from a case series of dogs and cats having a final diagnosis of SEP at surgery.



MATERIALS AND METHODS

Case records from the Small Animal Veterinary Clinic of the University of Liège from 2014 to 2021 were reviewed. Animals with a final diagnosis of SEP based on macroscopic findings and/or histopathological analysis of biopsies at surgery were included in the retrospective study and their data (signalment, history, clinical findings, imaging reports and diagnostic images) reviewed. All included animals had undergone a comprehensive clinical examination and a diagnostic imaging investigation, including at least abdominal ultrasonography, with or without abdominal radiography or computed tomography (CT).

Ultrasound examination was performed in dorsal recumbency on awake animals using a fixed ultrasound machine equipped with high frequency (7.5–13 MHz) linear and/or curvilinear probes1, 2, 3.

Radiographs included at least two orthogonal views: a latero-lateral projection and a ventro-dorsal projection. All radiographs were performed on awake animals maintained by human operators using a computed or direct radiography system 150 kV/800 mA4, 5.

Abdominal CT angiography was performed in sternal recumbency, under general anesthesia after a transient period of hyperventilation to induce apnea and avoid motion artifacts. The animal was premedicated using butorphanol (0.3–0.4 mg/kg). Anesthesia was induced using propofol and followed by endotracheal intubation. Anesthesia was maintained using isoflurane gas and 100% oxygen. CT images were acquired using a multi-slice system with 16 or 64 slice detector6. Acquisition parameters used for the 16-multislice CT scanner were as follows: tube voltage 120 kV, reference tube current 200 mA, and pitch factor 0.8. Scan tube current was modulated by automatic exposure control (Care Dose, Siemens Medical Solutions, International). Image data sets were reconstructed using parameters of 200–300 mm field of view, 512 × 512 matrix, 1.5 mm slice thickness, and Br-20f reconstruction algorithm (window level 40 and window width 300) with filter back projection. For the 64-multislice CT scanner, acquisition parameters used were as follows: tube voltage 100 kV, reference tube current 260 mA, and pitch factor 0.6. Scan tube current was modulated by automatic exposure control (Care Dose, Siemens Medical Solutions, International). Image data sets were reconstructed using parameters of 100–200 mm field of view, 512 × 512 matrix, 0.75 mm slice thickness and Br-46 reconstruction algorithm (window level 88 and window width 404) with iterative reconstruction. Post-contrast images were acquired during the arterial, portal and venous phases after injection of 2 ml/kg of iodinated contrast medium (iohexol7 or iopromide8) with an automated injector.



RESULTS


Animals

Nine animals, seven dogs and two cats (D1-7, C1-2; Table 1), corresponded to selection criteria. Breed was variable in the canine patients. Five dogs were intact females, one intact male and one neutered male. Age ranged from 6 months to 10 years (median 1.5 year-old). Both feline patients were neutered male domestic shorthair, aged 6 and 7 years.


Table 1. Signalement, history and final diagnosis of the nine animals with sclerosing encapsulating peritonitis.
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History and Clinical Findings

Two dogs had a recent surgery (uneventful antescrotal castration, and enterectomy) 2 weeks and 3 months before the diagnosis respectively. Two dogs had been pregnant, D1 with an unremarkable parturition 1 month before the diagnosis, and D2 with adhesions noticed by the referring veterinarian during C-section 10 months before. One dog had recently been adopted with an unknwon history (D6). The remaining four animals had an unremarkable clinical history.

Clinical signs at initial presentation included anorexia (6/9), lethargy (4/9), weight loss (4/9), abdominal distension (3/9), diarrhea (2/9), abdominal pain (1/9) and acute vomiting (1/9). D5 developed acute vomiting and diarrhea due to intestinal obstruction 1 month after the initial presentation and underwent enterotomy and ovariohysterectomy.

Bloodwork at initial presentation was available for 5/9 animals. Bloodwork was normal in one dog (D5). Four animals showed minor hematological or biochemical unspecific changes including mild to moderate neutrophilia (D1, D3, C1 and C2), mild lymphocytosis and monocytosis (C1), mild hyper- (D1, C2) or hypoglycemia (C1), pre-renal azotemia (C2), and mild hypoproteinemia and increase in alkaline phosphatase level (D3).



Radiographic and Ultrasonographic Findings

Two dogs (D1, D6) and one cat (C2) had abdominal radiographic examination and all animals underwent an abdominal ultrasonographic examination.

Radiographs showed increased abdominal volume in 2/3 animals (Figure 1). Reduced serosal detail and an abnormal geometric, plicated shape of intestinal gas content were present in all three animals, with bowel loops stacked in the central abdomen and surrounded by a large amount of fluid (2/3). These radiographic findings were considered suggestive of either the presence of a linear foreign body or multiple serosal adhesions.


[image: Figure 1]
FIGURE 1. Ventro-dorsal radiograph of D6. Note the severely increased abdominal volume, the central gathering of the small bowel loops (black arrows) with fluid opacity at the periphery of the peritoneal cavity (white arrow).


Sonographically free fluid was visible in all animals, either distributed in the entire peritoneal cavity (7/9) or focally collected (2/9). Peritoneal effusion was echogenic (6/9) and loculated or partially loculated by thin echogenic septations (3/9), suggesting an inflammatory process. Bowel loops had a plicated (7/9) and/or corrugated (7/9) appearance in all animals suggesting the occurrence of adhesions and bowel inflammation (Figure 2). In 6/9 animals the clumped bowel loops were encased and peritoneal fluid relegated separately in a different area of the abdominal cavity. In the two animals where peritoneal effusion was collected focally, the fluid was in close contact with a corrugated small bowel loop (in the area where a wooden foreign body was found perforating the bowel wall in D2 and in the right ovarian area concomitant with a periovarian effusion in D4) (Figure 3). Small bowel motility was considered reduced in 5/9 animals (D2 with a stick-like foreign body, D5 with grass ball, D1, D3 and D6 with uncertain intraluminal small foreign materials) and mechanical ileus occurred in 2/9 animals (D1 and D7, respectively on day 1 and day 478 after initial presentation). Intraabdominal fat was hyperechoic in 7/9 animals (focally in D2 surrounding the stick-like foreign body), suggesting steatitis. Moderate or severe abdominal visceral and/or parietal lymphadenomegaly was seen in 8/9 animals with the jejunal lymph nodes being predominantly involved in 4/9 animals.


[image: Figure 2]
FIGURE 2. Abdominal ultrasound of D2. (A) Echoic fluid filled cavity (white arrow) along a small bowel loop (B) Perforating intestinal stick-like foreign body (black arrows).



[image: Figure 3]
FIGURE 3. Abdominal ultrasound of C1. (A) Multiple segments of corrugated small intestine (black arrows) (B) Echoic peritoneal fluid (white arrow) with multiple hyperechoic septations.


Additional ultrasound findings were present in 5/9 animals. Two dogs (D3, D5) had thickened heterogeneous tissue mimicking a mass adherent to the abdominal wall at the site of laparotomy. D7 had an ovoid mesenteric echogenic mass unrelated to any abdominal organ and a small eccentric duodenal mass originating from the muscular layer. D4 had a small round distorted / folded spleen, surrounded by a thin echoigenic capsule. C2 had mass and nodular images (respectively ≥3 cm and <3 cm) within the clumped mesenteric fat and images of the bladder consistent with pseudomembranous cystitis.



CT Findings

Four animals underwent an abdominal CT (including contrast examination) (D5, D6, D7 and C1) for surgical planning.

Abdominal CT examinations confirmed the ultrasound findings in 4/4 animals. Free or loculated abdominal fluid (3–15 Hounsfield units) and encased bowel loops were confirmed in all three animals where this distribution had already been suspected based on radiographs and ultrasound (Figures 4, 5). CT images also showed mesenteric fat stranding characterized by an increased linear or ill-defined attenuation in 4/4 animals. Extraluminal adhesions were suspected in 3/4 animals and in 2/4 animals an equivocal thickening and increased contrast enhancement of the peritoneum was noticed.


[image: Figure 4]
FIGURE 4. Post-contrast CT acquisition of the abdomen of D7. (A) Transverse image, soft tissue window, at the level of the left kidney (B) Sagittal multiplanar reconstruction image, soft tissue window. A large amount of peritoneal fluid (white arrow) loculated by multiple hyperattenuating septations and dorsal gathering of the intestines is present (black arrows). Note also the mass effect of the fluid filled cavities and the secondary caudal displacement of the urinary bladder (gray arrow).



[image: Figure 5]
FIGURE 5. Late post-contrast CT acquisition of the abdomen of C1 (same case as Figure 3). (A) Transverse image, soft tissue window, at the level of the kidneys (B) Dorsal multiplanar reconstruction image, soft tissue window, at the level of the descending colon. There is central gathering of the intestines and a large amount of surrounding peritoneal fluid (white arrow). Fat stranding is also visible (black arrow).




Surgical and Histopathological Findings

All nine animals underwent exploratory laparotomy. Surgery confirmed the presence of a thick capsule around the abdominal viscera (6/9), multiple serosal adhesions between small bowel loops (6/9) or between small bowel loops and ovary (1/9) or abdominal wall (2/9) (Figure 6). In the dog with the stick foreign body (D2) abdominal abscesses were present. Pancreatic necrosis was found in D3. Neutrophilic enteritis with associated mild lymphangiectasis was confirmed by histopathology in D5. Neoplasia was confirmed in C2, D7 and D6, with respectively carcinomatosis associated to marked fibrosis, a low grade duodenal leiomyosarcoma and a scrotal leydigoma. Analysis of peritoneal fluid was performed in 5/9 animals and revealed a septic exudate in D1 (Staphylococcus pseudintermedius) and C2 (Listeria monocytogenes) and a non-septic modified transudate in D6, D7 and C1. Additionally, prior to referral, D6 had a positive bacterial culture (Pseudomonas putida) on peritoneal effusion. Fibrinous adhesions were submitted for histopathological analysis in 4/9 animals and confirmed either acute (C1 and D1) or chronic (C2 and D6) fibrinous neutrophilic inflammation. Cocci and bacilli were also present on the histopathological analysis of the fibrinous material in C1. Although most animals survived several months to years after initial admission (more than 3 to 20 months post diagnosis for 6/9 animals), 3/9 animals, including both cats, died or were euthanised within 7 days due to complications or lack of clinical improvement post-surgery.


[image: Figure 6]
FIGURE 6. Intraoperative picture of the laparotomy of C2 after abdominal wall incision. Note the thick fibrous membrane encapsulating the abdominal viscera.





DISCUSSION

This case series describes imaging findings in seven dogs and two cats with confirmed SEP. Most animals included were either juveniles or young adults (<3 years old). Previous reports show a wide age distribution demonstrating that juvenile (9, 12, 14, 16) as well as mature (7, 8, 10, 11, 13, 15) animals may be affected. Intact females were overrepresented (5/9) in contrary to previous reports which do not suggest any sex or neutered status influence (7, 8, 10–12, 15, 16).

SEP has been referred to be idiopathic or secondary depending on previous conditions that may be identified as potential trigger of peritoneal inflammation (1, 2). Foreign bodies and necrotic neoplastic masses have been reported as potential initiating causes of abdominal inflammation in SEP (8, 10, 16). In the present case series one dog had undergone a previous abdominal surgery, one dog had a perforating foreign body and two had been pregnant prior or at the time of the diagnosis of SEP. Neoplasia was found in three other dogs (one carcinomatosis, one duodenal leyomyosarcoma and one scrotal leydigoma) and necrotic pancreatitis was found in one. These associated medical conditions may have been potential triggers for peritoneal inflammation. One dog had been castrated prior to the diagnosis of SEP (D6) and an ascending infection or systemic inflammation may have occurred.

The diagnostic imaging abnormalities in this case series predominantly involved the intestinal tract and peritoneal space. Intestinal findings most commonly involved plication and corrugation (consistent with the presence of adhesions in the absence of a foreign body) associated with peritoneal effusion and lymphadenomegaly. Sonographically, peritoneal fluid was often echogenic (6/9) and frequently associated with echogenic septae suggesting an inflammatory cause. This hypothesis is in accordance with previous descriptions in case reports (7, 8, 11, 12, 15, 16) and imaging text-books (18, 19). Thickening of the serosal surface and parietal peritoneum is also a sonographic finding described in textbooks (18, 19) but was not clearly seen in this retrospective case series.

Adhesions around and between small intestinal loops sometimes with an encapsulated visceral mass (6/9) was a common surgically finding. This characteristic encapsulation was seen as a gathering of small bowel loops in the central abdomen surrounded by fluid on radiographic, CT and ultrasonographic examinations of respectively 2/3, 3/4 and 5/9 animals. In two animals a mechanical ileus developed after the first onset of symptoms and this is similar to what is described in humans where mechanical ileus is reported as a consequence of adhesions and impaired bowel motility (1, 2).

Four cases had undergone a CT examination. Consistently with findings reported in literature (1, 2, 16), thickening of the serosa or adhesions and peritoneal fat stranding were noticed on CT images. Fat stranding refers to an abnormal increased attenuation in fat because of edema and engorgement of lymphatics (20). In humans, fat stranding has been found to be very sensitive for peritoneal inflammation, being a key CT feature to differentiate uncomplicated from complicated appendicitis. Whereas mild inflammation causes a subtle hazy increased attenuation of the fat (ground-glass like), severe inflammation produces a reticular pattern (21, 22). In the animals where CT was performed linear/reticular fat stranding was present either in the entire peritoneal cavity or focally around the abnormal bowel loops. At contrast CT, two animals had serosal enhancement, and this is consistent with reports in human patients with SEP (2).

While the entire peritoneal cavity was involved in the majority of animals, two cases had focal ultrasound abnormalities with peritoneal effusion and hyperechoic fat being localized around an abnormal corrugated small bowel loop. These animals may either represent an earlier stage of the disease or simply better show the undergoing focal triggering process. However, if previous surgery is reported, animals with focal implication of the abdominal cavity may be difficult or impossible to distinguish from animals suffering of post-operative adhesions and not necessarily progressing to SEP.

The main limitations of this study are its retrospective nature and the small sample size. The complementary examinations were at the discretion of the clinician after consideration of the animal clinical presentation and owner budget. In particular, 5/9 animals did not have CT examination, 6/9 did not have abdominal radiographs and 5/9 did not have histopathological analysis of the peritoneal adhesions and membranes. However, because of the rarity of the disease, especially in cats (5, 6, 14), and its life threatening character a small case series assembling a detailed description of the most common imaging findings of SEP is considered useful to develop a better pre-surgical diagnosis in veterinary patients.



CONCLUSIONS

This small case series confirms findings previously reported in isolated SEP cases. As clinical presentation may be nonspecific, diagnostic imaging should be considered to exclude other disorders. Imaging findings of SEP in dogs and cats include abnormal shape and distribution of small bowel loops on radiographs, plicated and/or corrugated small bowel loops with echogenic loculated peritoneal effusion on ultrasound and fat stranding on CT.
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FOOTNOTES

1Aloka 3500 Prosound and Aloka Prosound SSD-Alpha10, Aloka Co. Ltd., Tokyo, Japan.

2Arietta 850 SE, Hitachi-Fujifilm, Mechelen, Belgium.

3Canon Aplio a, Sint-Stevens-Woluwe, Belgium.

4Agfa Musica DR 14s and CR35x, Mortsel, Belgium.

5X-ray table General Electric CGR, Diegem, Belgium.

6Siemens, Somatom 16 and Somatom Confidence 64, Erlangen, Germany.

7Omnipaque 300, General Electric Healthcare, Diegem, Belgium.

8Ultravist 300, Bayer Pharma, Diegem, Belgium.
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Background: Uremic cardiomyopathy (UC), the main cause of death in progressive chronic kidney disease (CKD), is characterized by diastolic dysfunction. Intraventricular pressure gradients (IVPG) derived from color m-mode echocardiography (CMME) and two-dimensional speckle tracking echocardiography (2DSTE) were established as novel echocardiographic approaches for non-invasive and repeatable assessment of cardiac function. Previously, salvianolic acid B (Sal B) showed the potential to alleviate concentric LV hypertrophy in the pressure overload model. The purpose of this study was to evaluate the changes in cardiac function in UC and assess the efficacy of Sal B therapy using IVPG and 2DSTE techniques.

Materials and Methods: Twenty-four rats underwent subtotal nephrectomy to produce progressive renal failure and were allocated equally into UC (n = 12) and Sal B-UC (n = 12) groups and monitored for 8 weeks. A sham-operated group was also included in this study (n = 12). Sal B was injected from weeks 4 to 8 in the Sal B-UC group. Conventional echocardiography, 2DSTE, and CMME were performed every 2 weeks post-operation, concomitantly with an evaluation of renal function. Histopathological and immunohistochemistry analyses were carried out to confirm the echocardiography findings.

Results: Renal failure and myocardial dysfunction were confirmed in the UC group from weeks 2 through 8. Eccentric and concentric hypertrophy was observed in the UC group, while the Sal B-UC group showed only eccentric hypertrophy. IVPG analysis did not reveal any significant differences between the groups. Edema, inflammation, fibrosis, and immunohistochemical expression of CD3 infiltration were higher in the UC group compared with sham and Sal B-UC groups.

Conclusion: 2DSTE and IVPG explored the pathophysiology during the development of UC and indicated the incidence of myocardial dysfunction before ventricular morphological changes without intracardiac flow changes. This study confirmed increased ventricular stiffness and fibrosis in UC rats which was potentially treated by Sal B via decreasing edema, inflammation, and fibrosis.

Keywords: intraventricular pressure gradients, uremic cardiomyopathy, hypertrophy, strain, salvianolic acid


INTRODUCTION

Cardiovascular diseases are the leading cause of death in renal failure patients (1), with hypertrophy of the left ventricle (LV) the most prevalent cardiac disorder in this population. Left ventricular hypertrophy is closely related to heart failure (2). Although scientists termed cardiomyopathy related to renal failure as uremic cardiomyopathy (UC) in 1967, the pathogenesis of UC remains poorly understood due to its multifactorial etiology (3–5).

Multiple pathological pathways are involved in the development of UC. The UC-associated LV hypertrophy results from complex pressure overload, volume overload, and the uremic state itself. Systemic hypertension results in LV pressure overload, while LV volume overload occurs due to hypervolemia and anemia (6). While Pressure overload leads to concentric LV hypertrophy (7), volume overload results in eccentric LV hypertrophy. Hypertrophy of the LV is a beneficial adaptive response during the early stages of UC, but progressive LV overload leads to maladaptive cardiomyocyte alterations and death (4). The loss of cardiomyocytes leads to LV dilatation and eventually systolic dysfunction (3). Thus, different types of LV hypertrophy are observed in UC based on the forces acting on the LV (8).

Although conventional echocardiography enables longitudinal assessments of cardiac function, it lacks the sensitivity required for detecting diastolic dysfunction (9). Intraventricular pressure gradients (IVPG), the pressure gradients inside the ventricle that draw blood from the left atrium (LA) to the LV during diastole, have been strongly correlated with left atrial (LA) pressure and active relaxation (10). Our previous research proved that IVPG could be used as a serial cardiac function evaluation tool in rodent and dog models (11–13).

Strain is a dimensionless characteristic for measuring relative deformation. Two-dimensional speckle tracking echocardiography (2DSTE) enables the quantification of both regional strain and strain rate, resulting in promising novel parameters for describing myocardial function (14).

Currently, angiotensin-converting-enzyme inhibitors and Angiotensin II Receptor Blockers are used as the first-line therapeutic drugs in UC to counteract the RAAS effect. But the drawbacks of these drugs like hypotension, azotemia, and fatigue caught the attention (15). Nowadays, there is growing interest in herbal medicine as a replacement or supportive cardioprotective treatment. Salvianolic acid B (Sal B), a water-soluble active component of Salvia miltiorrhiza Bunge, also known as Danshen, is widely used in Asia to treat cardiovascular disease. Sal B is well tolerant in the general population (16) and could alleviate cardiac fibrosis in vitro and improve myocardial function in diabetic cardiomyopathy (17, 18). Sal B was proved to decrease the inflammation and fibrosis induced by the Angiotensin II (17), so anti-inflammation and antifibrosis are considered the main treatment mechanism in cardiovascular diseases (19). Recently, we demonstrated that 5 mg/kg Sal B comparatively improves cardiac function in rats with experimental LV hypertrophy (12). We select 5 mg/kg as the proper dose to treat UC based on a previous study because this dose showed proper effect and duration (20). To the best of our knowledge, no studies have investigated the utility of combining IVPG and 2DSTE in UC. In addition, the effect of Sal B on UC hemodynamics, myocardial function, and morphology is still unknown. In the current experiment, we investigated the usefulness of IVPG and 2DSTE in a UC model and explored the effect of Sal B as a potential treatment for UC. We hypothesized that different types of LV hypertrophy might contribute to the development of UC and that Sal B may alleviate the adverse effects of UC in the rat model.



MATERIALS AND METHODS


Animals and Ethical Approval

The experiment was conducted with 36 female Sprague Dawley rats, aged 3 months and weighing between 210 g and 250 g. All procedures followed the Guide for the Care and Use of Laboratory Animals (1994) and were approved by the Institutional Animal Care and Use Committee of the Tokyo University of Agriculture and Technology (Approval No. 31-36). The rats had free access to food and water and were housed at 20°C with a 12 h light/dark cycle.



Induction of Uremic Cardiomyopathy

A 5/6 nephrectomy was performed according to previously described procedures (21). Briefly, the rats were transferred into an anesthetic induction chamber, anesthesia was induced with 5% isoflurane until the rats reach deep anesthesia, then pentobarbital (40 mg/kg) was intraperitoneal injected. The left kidney was exposed by a left laparotomy under a surgical microscope (Leica M60, Wetzlar, Germany). The upper and lower kidney poles were electronically cauterized by a monopolar electrosurgical generator (Volleylab Force FX electro surgical Unit, Dublin, Ireland) and two 1 mm2 Spongy Gelatin Absorbent (Huachen, Jiangxi, China) on the kidney bipolar wound, then the abdominal wall was closed. Because the whole surgery would take a proficient operator 25 min to complete and the effect of pentobarbital last more than 1 h, we provided two bags for the operated rats to prevent intra- and post-operative hypothermia until the anesthesia wore off. For intra- and post-operative pain management, butorphanol (0.5 mg/kg) and midazolam (0.5 mg/kg) was administrated if we observed pain after the surgical procedures (22). Signs of pain include hunched over ruffled, disheveled fur, squinty eyes, dull corneas, nose to the floor, and no eating or drinking. One week later, a total right nephrectomy was performed. The nephrectomized rats were divided into two groups: UC rats (n = 12) and Sal B-UC treated rats (n = 12); 12 rats were sham-operated and served as a control group.



Treatments

The Sal B-UC group was treated with Sal B from weeks 4 to 8 post-operation. Daily, 5 mg/kg of Sal B (Danshen DuofensuanYan 100 mg, GreenValley Inc, Shanghai, China) was injected into the abdominal cavity after the rats were tightly caged (Supplementary Figure S1). The UC rats received the same volume of normal saline by injection to limit the disturbance caused by the injection on the experimental results.



Blood Sampling and Renal Function Tests

Blood samples were drawn from every rat at weeks 2, 4, 6, and 8. After the rats were tightly caged, 2 ml of blood was collected from the tail vein using plain tubes. Blood samples were centrifuged at 3,500 rpm for 5 min, and clean non-hemolyzed serum was kept for analysis. The concentration of serum creatinine and blood urea nitrogen (BUN) were measured automatically by special kits (v-CRE-P and v-BUN-P, Fujifilm, Tokyo, Japan) and a Chemistry Analyzer (Dri-chem 7000V, Fujifilm, Tokyo, Japan).



Blood Pressure

Blood pressure was monitored using the oscillometric method (BP monitor for rats, Muromachi, Japan). The cuff was placed over the base of the rat's tail when the rat was tightly caged. Measurements were performed three times, and the average systolic, diastolic, and mean arterial blood pressures were recorded.



Echocardiography

Echocardiography was performed 2, 4, 6, and 8 weeks after right nephrectomy (ProSound F75 premier CV, Hitachi Healthcare System Inc, Tokyo, Japan). Isoflurane (2.5%) was administrated to rats by mask. Then we put the rats' right recumbency for short-axis echocardiograph parameter measurements, including IVSd, LVIDd, LVPWd, IVSs, LVIDs, and LVPWs, using a 1–15 Mhz transducer (UST-52129, Hitachi Healthcare System Inc, Tokyo, Japan). The left ventricle mass (LVM) and relative wall thickness (RWT) were calculated with the following formulas (12):

LVM = [(LVIDd + LVPWd + IVSd)3- LVIDd3] *1.04

RWT = (IVSd + LVPWd)/LVIDd



Tissue Doppler Imaging and CMME for IVPG Analysis

Tissue Doppler imaging of the left parasternal (apical view) was performed, sampling transmitral E A flow velocity, E′ septum(mitral valve root velocity), and E′ lateral. The following formula was used to calculate E/E′:

E/E′ = (E/E′ lateral + E/E′ septum)/2

Color M-mode echocardiography (CMME) was performed in the transmitral flow window. To capture mitral inflow, the sample volume spanned from the orifice of the mitral valve to the LV apex, and the time-motion relation was sampled after the baseline changed to −64. The CMME image was analyzed using MATLAB (The MathWorks, Natick, MA). Prior machine settings (12) and an analysis algorithm have been described previously (23). Total IVPG was divided into two sections; Firstly, from the base of the LV near the mitral valve to one-third of the LV was termed the basal IVPG, and secondly, the gradient from the apex to two-thirds of the LV was termed the mid-to-apical IVPG (Supplementary Figure S2).



Speckle Tracking Echocardiography

Loops of LV movement in four chambers (apical views) were acquired. Speckle tracking analysis was performed using an algorithm incorporated into EchoPAC PC DAS-RSI (Hitachi Aloka Co., Tokyo, Japan). The endocardium was traced manually for both end-systole and end-diastole phases. The software algorithm automatically divided each imaging plane of the LV into three equally circular sections: basal, midventricular, and apex on the septal and lateral aspects (Supplementary Figure S3). The longitudinal strain rate was obtained in six sections (14).



Histological Analysis

Heart tissue samples were collected from the three groups at the end of the study (weeks 8). We sectioned (4-μm), fixed the heart tissue samples in 10% neutral buffered formalin, and then embedded them in paraffin wax. The sections were cut, deparaffinized, rehydrated and then stained with Masson's trichrome and hematoxylin, and eosin (H&E). For statistical measurements, 36 sections (12 sections per group, each 4-μm thick) were used. The histopathological images were examined using image software (CellSens Standard; Olympus, Tokyo, Japan). The quantification of the histopathological score has been reported in detail before (24). Briefly, 36 sections (12 sections per group) were analyzed blindly by two histopathologists based on inflammatory cells infiltration (mononuclear cell), edema (interstitial edema between the cardiocytes), necrosis (degeneration and necrotic area), and myocytes arrangement (assembled or disassembled and direction of myocardial cells). The results of both investigators were averaged for all sections in the three groups and graded as 0 (none), 1 (mild), 2 (moderate), 3 (severe), or 4 (very severe) based on mononuclear cell infiltration, edema, necrosis, and myocyte arrangement. Fibrosis intensity was assessed at the interstitial level and perivascular area.



Immunohistochemical Staining of CD3

The same number of sections from each group were deparaffinized and rehydrated. Antigen retrieval was performed by incubating slides for 15 min at 95 °C in Tris-EDTA buffer (pH 9.0). Peroxidase blocking was achieved by treatment with 0.3% H2O2 diluted in methanol for 15 min. Nonspecific protein binding was inhibited by incubating the samples with 5% goat serum diluted in phosphate buffer saline with 0.1% Tween 20 for 2 h at room temperature, followed by overnight incubation with primary antibodies against monoclonal CD3 antibody (1:100, Invitrogen PA5-88511) at 4 °C. On the second day, the sections were incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Antigen-antibody complexes were visualized after staining the samples with 3, 3′-diaminobenzidine. Cell nuclei were counterstained with hematoxylin. The frequency of CD3 cell infiltration was quantified for each of the three groups as the average number of CD3+ cells per 1 mm2 of tissue.



Statistical Analysis

Data analysis was performed with a two-way analysis of variance (ANOVA) test with post-hoc contrasts by Tukey's honestly significant difference test using SPSS 26.0 (SPSS, Inc., Chicago, IL). The data are presented as mean ± standard deviation for all obtained parameters, and p < 0.05 were considered statistically significant.




RESULTS


Clinical Symptoms

Polyuria was defined as bedding being more wet than usual at routine cleaning. Polyuria was observed in the UC group 4 weeks after the operation. Polyuria was more evidenced in the UC group at 6 and 8 weeks (11/12, 12/12, respectively) than Sal-B (7/12, 6/12, respectively). Besides, swelling in the abdomen and limbs was noticed from 6 weeks in 50 % and 75% of rats from the UC group at 6 and 8 weeks, respectively, which indicated hypervolemia in the UC group. In contrast, no rats from sham and Sal-B groups showed clinical signs of swelling.



Renal Function Test

A significant increase (p < 0.001) in serum creatinine and BUN was observed in UC rats at the two- and four-week time points (Figure 1). Also, these biomarkers were significantly higher (p < 0.001) in the UC group than in the Sal B-UC group; nevertheless, serum creatinine and BUN were higher in the Sal B-UC group than in the sham group. And the percentage change analysis was shown in the Supplementary Data.


[image: Figure 1]
FIGURE 1. Novel echocardiography and kidney function in uremic cardiomyopathy, sham operation, and Sal B-treated rats. Novel echocardiographic measurements in the sham, UC, and Sal B-UC groups. Two-way ANOVA was performed to test the differences between groups and time points, Tukey's post-hoc test used group comparisons. * Indicate a significant difference between groups, p < 0.05. (A) Total IVPG, the mix of basal and mid-to-apical intraventricular pressure gradients. (B) Basal IVPG, the basal intraventricular pressure gradients. (C) Mid-to-apical IVPG, the mid plus apex intraventricular pressure gradients. (D) E/E′, ratio of E to E′. (E) creatinine. (F) BUN, blood urea nitrogen.




Conventional Echocardiography

Table 1 illustrates the cardiac morphology of the sham, UC group at 6 and 8 weeks in Table 1. Data collected at 2 and 4 weeks from sham and UC groups are presented in Supplementary Tables S1A. The UC group had higher IVSd, LVPWd, IVSs, LVPWS, and FS, but lower LVIDd and LVIDs, compared with the sham group. Moreover, the LVM and RWT were increased in the UC rats at all experimental intervals compared with the sham group. Based on these results, we confirmed that significant concentric LV hypertrophy occurred in the early stages of UC development. No difference was detected between the UC and Sal B-UC groups in IVSd, LVPWd, IVSs, LVPWS, FS, and LVIDs at the 6- and 8-week time points. Also, the observed IVSd and LVPWd values in the Sal B-UC group were < in the UC group but were still > in the sham group. In contrast, LVIDd, LVPWs, and FS were higher in the Sal B-UC group than in the UC group. Concentric hypertrophy was observed in the UC group at the two-, 6-, and 8-week time points because the LVM and RWT were significantly (p = 0.001 and p < 0.001) higher compared to the sham group. We noticed eccentric hypertrophy in the UC group at 4 weeks and in the Sal B-UC group at weeks 6 and 8. The LVM was increased in all groups at 8 weeks but the UC-SalB group showed the lowest value. These results indicate that Sal B delays the progressive development of hypertrophy.


Table 1. Cardiac morphology of the investigated groups at 6 and 8 weeks.
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Blood Pressure and Doppler Hemodynamic Results

Mitral inflow and TDI data are summarized in Table 2. Hemodynamic data collected at 2 and 4 weeks are presented in the Supplementary Table S1B. The HR in the UC group was higher than in the sham group at every time point. UC group showed higher blood pressure than the sham group. The Sal B-UC group showed lower systolic, diastolic, and mean arterial blood pressure than the UC. Systolic arterial blood pressure in the UC rats was higher than in the sham rats from the second week (p < 0.001). Also, no significant differences were detected in E, E', and E/E' between the three groups. IVPG data is illustrated in Figure 1. No difference was detected between the sham, UC, and Sal B-UC groups in total, basal, and mid-to-apical IVPG.


Table 2. Blood pressure and Doppler hemodynamic measurements in rats at 6 and 8 weeks.

[image: Table 2]



Speckle Tracking Echocardiography

The strain rates based on speckle tracking echocardiography are shown in Table 3. Strain rates collected at 2 and 4 weeks from sham and UC groups are presented in the Supplementary Table S1C. Compared with the sham group, the UC and Sal B-UC groups showed a significantly lower strain rate from the second to the eighth week (p < 0.001). In the UC group, once the strain rate had decreased in the mitral lateral segment in the second week, it did not show any further changes. The strain rate decreased in the second week in the middle lateral segment, and further diminished myocardial function was observed in the fourth week (p for time = 0.202). In the other five segments, the p-value for the time was <0.001, and the strain rate in the UC group decreased compared with the sham group, indicating fluctuating during UC development. The Sal B-UC group showed a similar level of myocardial movement to the UC group, and the strain rate in the Sal B-UC group was significantly lower than in the sham group (p < 0.001).


Table 3. 2D-speckle tracking echocardiography measurements in rats at 6 and 8 weeks.

[image: Table 3]



Histopathological Findings

To detect the cellular changes underlying the development of uremic cardiomyopathy in rats, we stained heart tissue with H&E and Masson's trichrome. The histopathological score was significantly higher (p < 0.001) in the UC group compared to the sham group (Figure 2A). A significant difference (p < 0.001) was observed between the Sal B-UC group and the sham group regarding their histopathological scores (Figure 2B). However, the score in the Sal B-UC group was much lower than the score of the UC group (Figure 2C). And we find CD3+ T-lymphocyte frequency in the UC group was the highest among the three groups (Figure 2D). The inflammatory changes in the UC group were represented in the form of inflammatory cell infiltration (especially mononuclear cell infiltration in Figure 3), severe degeneration and necrosis in cardiomyocytes, and increased size of cardiac myocytes compared to the other groups. Interstitial edema, as well as distorted cardiac muscle fibers, was also clearly observed in the UC group compared with the sham group. Inflammatory cell infiltration and interstitial edema were mild in the Sal B-UC group. Besides, we evaluated fibrosis by using Masson's trichrome to stain the interstitial collagen fibers as well as perivascular collagen in the three groups. A greater intensity of bright blue collagen staining was detected in the UC group compared to the other two groups, as shown in Figure 4, indicating that fibrosis occurred at the interstitial and perivascular levels. In addition, the intensity of fibrosis in the Sal B-UC group was less than in the sham group.


[image: Figure 2]
FIGURE 2. Pathology score evaluation. (A) The histological score in the UC group was significantly higher than in the other groups. (B) Fibrosis intensity in the UC group was more than in the Sham and Sal B-UC groups as indicated by the blue staining of Masson's trichrome score. (C) Fibrosis in the perivascular area in the UC group was also high. (D) CD3+ T-lymphocyte frequency in the UC group was the highest among the three groups. The * symbol indicates the significant difference of p < 0.05. The ** symbol indicates the significant difference of p < 0.01.



[image: Figure 3]
FIGURE 3. Histological analysis. The histopathological images (10× and 40×) in the sham, UC, and Sal B-UC groups. (A,B) Myocytes are arrayed in parallel, with no inflammatory cell infiltration in the sham group. (C,D) Distorted cardiomyocytes, mononuclear cell infiltration (green arrow), and interstitial edema with necrosis (black arrow) in the UC group. (E,F) Mild edema with little inflammatory cell infiltration in the Sal B-UC group.



[image: Figure 4]
FIGURE 4. Masson's trichrome staining. The Masson's trichrome images of the interstitial and perivascular area in the sham, UC, and Sal B-UC groups (50 μm). The light blue staining indicates the severity of cardiac fibrosis. In the sham group, fibrosis was not observed at either the interstitial level (A) or the perivascular area (B). In the UC group, severe fibrosis was observed at both interstitial levels (C) and the perivascular area (D). In the Sal B-UC group, moderate light blue staining was present at the two levels (E,F).




Immunohistochemical Staining of CD3

To characterize the kinetics of inflammatory cell recruitment in uremic cardiomyopathy, an antibody against a marker CD3 (T cell inflammatory marker) was immunohistochemically stained in the three groups. The quantification of CD3+T-lymphocyte infiltration in the UC group was significantly increased (p < 0.001) compared to the other groups (Figure 5). Additionally, inflammatory cell recruitment was lower in the Sal B-UC group compared with the sham group. Accumulation of CD3 cells in the heart tissue of UC rats indicated that the molecular mechanism underlying disease progression had occurred.


[image: Figure 5]
FIGURE 5. Immunohistochemical (IHC) staining of CD3. The IHC staining of CD3 in the sham, UC, and Sal B-UC groups. CD3-T-lymphocytes were not recognized in the sham group (A). The number of CD3 infiltrations (brown color) was significantly increased in the UC group (B). A limited number of CD3+ was observed in the Sal B-UC group (C).





DISCUSSION

This study aimed to evaluate cardiac status during the development of UC and assess the treatment effect of Sal B. While chronic kidney disease (CKD), a progressive pathological condition, is a precursor to UC, the pathophysiology of UC is poorly understood. Therefore, we designed this experiment using novel non-invasive techniques (IVPG and 2DSTE) to evaluate cardiac function in UC. These techniques allowed us to track cardiac changes during UC development. Furthermore, we used histopathological analysis to track the pathological changes occurring in UC. The results have given us a deeper understanding of UC pathophysiology. Additionally, we used herbal medicine as a replacement for cardioprotective treatments. The functional and pathological information about Sal B's treatment effect has helped to further our understanding of UC and its management.

Serum concentrations of BUN and creatinine are the gold standard for clinical diagnosis of CKD (25). A 5/6 subtotal nephrectomy is the primary avenue for investigating CKD (26), not only because this model directly decreases functional nephrons, but it is also relevant to clinical patients (21). In the present study, CKD was confirmed in UC rats by elevating BUN and creatinine concentrations from the second week after 5/6 nephrectomy until the endpoint of monitoring. Clinical symptoms like polyuria and hypervolemia support the diagnosis of CKD. Sal B-UC group showed less polyuria and hypervolemia, which indicate Sal B have treatment effect in UC. Sal B alleviate UC by reversing the elevated BUN and creatinine concentrations at 6 and 8 weeks. A Previous study revealed that the impaired kidney function was ameliorated by Sal B via a reduction in epithelial-mesenchymal transition-related proteins. Epithelial-mesenchymal transition in renal fibrosis was promoted by Sal B through autophagy activation (27).

We detected multiple types of ventricular geometry in UC. Concentric hypertrophy (elevated RWT and LVM) was observed in UC rats at the two-, 6-, and 8-week time points, but eccentric hypertrophy was also observed at the 4-week time point, evidenced by increased LVM and normalized RWT in the UC rats. This could be explained by the fact that pressure and volume overload dominate at different stages of UC development (28). The consequence of ventricular geometry change in UC makes staging UC based on geometry and intraventricular blood flow challenging, so multiple way analysis becomes necessary for UC diagnosis.

Patients with different types of hypertrophies show differing responses to the same drugs, indicating that different mechanisms are responsible for eccentric and concentric hypertrophy (8). In concentric LV hypertrophy, the sympathetic nervous system is overactivated. The activation of beta-adrenoceptors in the heart results in cardiomyocyte hypertrophy and progressive heart failure (29), which is considered the primary mechanism of concentric hypertrophy (30). The development of eccentric hypertrophy involves mechanical stress and activation of the sympathetic nervous system. The mechanical stress on the LV from pressure overload is stronger than that caused by volume overload (31).

The mechanism by which Sal B is believed to enact its therapeutic effect is similar to that of beta-blockers, which are the first-line therapeutic drugs for concentric hypertrophy. Previously, we have shown that Sal B protects against concentric LV hypertrophy caused by pressure overload and that it prevents further hypertrophy without a pressure-lowering effect (12). In the present study, Sal B showed a potential therapeutic effect against UC. The treatment effect of Sal B was confirmed by preventing the progression of UC because we observed a significantly different histopathology score between the Sal B-UC and sham groups and a dramatic difference in pathology score between the Sal B-UC and UC groups.

Myocardial dysfunction occurred from weeks two through eight. Administration of Sal B did not reverse the decreased longitudinal strain rate at week 6 or 8. The hypertrophy in UC rats was not apparent until week 6, which implies that myocardial dysfunction occurred before the changes in ventricular geometry (32). Furthermore, we found severe edema and inflammation in myocardial tissues and severe interstitial and perivascular fibrosis in the UC group, which confirmed our expectation: myocardial dysfunction was caused by edema, inflammation, and fibrosis in UC. However, edema, inflammation, and fibrosis in the Sal B-UC group were significantly lower than in the UC group (p < 0.001), but the strain rate was not significantly different. In other words, the inflammatory reaction was associated with myocardial dysfunction, while the severity of fibrosis was not related to myocardial function in UC. The difference between CD3 positive cells in UC and Sal B-UC indicates that the treatment effect of Sal B decreased the acute inflammatory reaction.

As we mentioned before, UC-associated LV hypertrophy results from complex pressure overload, volume overload, and the uremic state itself. Sal B alleviates UC by improving renal function, decreasing blood pressure, and reducing edema, inflammation, and fibrosis in the myocardial tissue. This pathophysiology mechanism indicates that cardiomyocyte is not the main target of Sal B treatment.

In the current work, resting HR was evaluated under equivalent anesthesia for all rats. Our previous work showed that HR had a weak influence on IVPG, so HR was not intentionally controlled (11). The resting HR in the UC group was higher than in the sham group at every time point following the operation. Elevated resting HR correlates with a higher risk of death (33), which indicates that cardiac function was damaged in the UC group. The impairment was not completely reversed by the Sal B administration.

No differences in IVPG were detected among the groups because IVPG is non-invasive technology concentrating on intracardiac flow, this result indicates that the flow was intact in UC. Basal IVPG correlates with E wave velocity, and mid-to-apical IVPG correlates with myocardial movement (10). Combined with the fact that E wave velocity, E′, and E/E′ also showed no differences between the groups, it is easily concluded that LA pressure was not elevated in the UC group. The usefulness of 2DSTE and IVPG for assessing cardiac function was confirmed in rats before (12, 13, 34). Myocardium dysfunction detected by STE combined with the fact that intracardiac flow was not disturbed in UC to provide us with an interesting conclusion: subtotal nephrectomy induced UC rat model could be used for cardiovascular drug selection. Because only the myocardium was affected in the UC rat model, the effect of medicine designed for myocardium-related diseases could be examined specifically. This information raises a question: did primary and secondary cardiovascular diseases like UC affect the myocardium differently? This will next stage of our research.

The main difference in the mechanism responsible for forming concentric and eccentric hypertrophy is the mechanical stress on the ventricle wall (8, 31). The changes in ventricular morphology indicate that mechanical stress fluctuates during the development of UC. Myocardial dysfunction occurred in the UC group from weeks two through eight, LV mass and RWT fluctuated, eventually leading to a variable but not a significantly different level of active relaxation in the UC group, confirmed by mid-to-apical IVPG.

Previously, scientists documented the structural and functional disorders of UC in mice (35, 36). Hamzaoui et al. pointed out the fact that different outcomes can be observed between two strains of mice emphasizes the importance of carefully comparing conclusions from the scientific literature (35). But the detailed echocardiography parameter and inflammatory markers have never been reported before. To our knowledge, this is the first study to document the detailed structural and functional outcomes of Sal B treatment in UC using echocardiography and histopathology. The data from this paper will be useful in further pharmacological and cardiovascular studies. For the veterinary field, this paper not only provided precious information about the pathophysiology of UC by novel ultrasound technique, but it will also encourage veterinarians to use this novel ultrasound technique in clinical practices in the future.



LIMITATIONS

Detailed molecular investigations were not performed in the current study. CD45 and RNA were not measured, because this research is concentrating on evaluating non-invasive cardiac function in UC.



CONCLUSION

Myocardial dysfunction occurs before ventricular morphological changes during the development of UC, and intracardiac flow was not affected in UC. Both eccentric hypertrophy and concentric hypertrophy were observed in UC, while only eccentric hypertrophy was observed in Sal B-treated rats. Sal B alleviates cardiomyopathy and prevents further development in the UC model. This study demonstrated increased ventricular stiffness and fibrosis in UC. Further studies are warranted to clarify the molecular pathways of Sal B for the treatment of UC.
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Colonic intramural hematoma is a rare condition in humans and companion animals. Its clinical presentation in cats has not previously been reported. An 8-year-old male American shorthair cat presented with acute onset of constipation and anorexia for 3 days. Laboratory examination indicated mild elevation of alanine aminotransferase, globulin, and total protein levels. Complete blood count was normal. Radiographs revealed a soft tissue opacity mass located caudodorsally to the urinary bladder, causing narrowing of the descending colonic lumen. Sonography showed a heteroechogenic intraluminal mass containing liquefied content between the submucosal and muscular layers of the descending colon. On computed tomographic images, the mass contained two different attenuated contents with an interface. Colonoscopy was then performed for intestinal biopsy, and the contents observed in the intraluminal mass were drained via surgical evacuation and considered as blood clots. Supportive medical treatment, including antibiotics and fecal softener, was administered, and the clinical signs resolved uneventfully. Mild chronic proctitis without apparent malignancy was confirmed histopathologically, and no recurrence was observed after more than 14 months, and thus a colonic intramural hematoma was presumptively diagnosed. The information provided by multimodal imaging of the mass was essential for the diagnosis and determination of the treatment in this case.

Keywords: cat, colonic intramural hematoma, colonoscopy, computed tomography, ultrasonography


INTRODUCTION

Colonic intramural hematoma is rare in humans and animals and occurs mostly secondary to blunt abdominal trauma, anticoagulant therapy, coagulopathies, or intestinal neoplasia in humans (1). In humans, spontaneous colonic hematoma is most commonly associated with blunt trauma (2). Risk factors include bleeding diathesis, such as those experienced by patients undergoing anticoagulant therapy or with coagulopathies (3). Few cases secondary to synchronous colon cancer for patients who underwent hemicolectomy have also been reported (1, 4). Rarely, it occurs secondary to vaginal delivery (5). Clinically, colonic intramural hematoma usually causes lower abdominal pain, lethargy, anorexia, and constipation in humans. The diagnosis of colonic intramural hematoma in humans is mainly based on radiology, such as contrast-enhanced computed tomography (CT) (1). Treatment may vary from case to case, including surgical and conservative management; however, its clinical presentation, diagnosis, and treatment outcome have not been previously described in cats. Therefore, this report aimed to present the multimodal imaging findings of colonic intramural hematoma in a cat and to describe the successful treatment with surgical evacuation.



CASE DESCRIPTION

An 8-year-old neutered male American shorthair cat was referred to the Unicore Animal Hospital because of decreased defecation for 1 week and acute onset of constipation with anorexia 3 days prior. Physical examination revealed no apparent colonic narrowing on rectal palpation.

Laboratory examination was performed for preanesthetic evaluation and revealed mild elevated levels of alanine aminotransferase (152 U/L; reference range, 12–130 U/L), globulin (5.9 g/dl; reference range, 2.8–5.1 g/dl), and total protein (9.3 g/dl; reference range, 5.7–8.9 g/dl). The complete blood count was normal.

Abdominal radiography (MODEL BLR-500A; Toshiba, Tochigi, Japan) of the right lateral, left lateral, and ventrodorsal projections was performed while the cat was awake, and a large, well-defined, ovoid-shaped, soft tissue opacity mass was observed caudodorsal to the urinary bladder at the sixth lumbar vertebra to the sacrum level, causing dorsal displacement, and narrowing of the descending colon (Figure 1). The mass was approximately 3.1 cm in height and 3.6 cm in length in the right lateral abdominal projection. Dilation of the colon was observed, with gas accumulation cranial to the narrowed location. Radiographic differential diagnoses included a colonic intraluminal neoplasia/foreign body, an intramural neoplasia/abscess/hematoma, or an extramural neoplasia/granuloma. Considering the rapid progression of the disease, abscesses and hematomas were mostly suspected.


[image: Figure 1]
FIGURE 1. Right lateral projection of the abdomen. An ovoid-shaped, soft-tissue opacity mass (asterisk) caudodorsal to the urinary bladder was noted, causing a narrowing of the descending colonic lumen (dotted line).


Abdominal ultrasonography was performed with an ultrasound device (Vivid E80; GE Healthcare, IL, USA) equipped with a linear transducer (11 L-D, GE Healthcare; 4–10 MHz), and the patient was positioned in dorsal recumbency under general anesthesia. The sagittal and transverse planes of ultrasonographic images revealed a focal heteroechogenic intramural mass located between the submucosal and muscular layers of the descending colon (~2.6 cm in width and 1.3 cm in height), causing extreme compression and occlusion of the colonic lumen. The intramural mass was liquefied and floating. Enlarged colonic lymph nodes were observed cranial to the intramural colonic mass, indicating hypoechogenicity (0.6 cm in thickness and 0.9 cm in length). Considering the location and echogenicity of the mass, colonic intramural neoplasia with regional colonic lymphadenopathy was mainly suspected, whereas abscess and hematoma could not be completely excluded (Figures 2A,B).


[image: Figure 2]
FIGURE 2. (A) Transverse plane ultrasound image of the descending colon. A hyperechoic mass (asterisk) with heteroechogenicity between the submucosal and muscular layers of the descending colon was seen. (B) Sagittal plane ultrasound image of the colonic lymph nodes (0.6 cm in thickness and 0.9 cm in length). The colonic lymph nodes (arrow) adjacent to the mass (asterisk) appeared enlarged and hypoechogenic. (C) Follow-up sagittal plane ultrasound image of the descending colon 2 weeks after surgical evacuation. No mass effect was noted at the affected site. The intestinal layering (arrow) was relatively normal, with a thickened and corrugated mucosal layer. (D) Follow-up sagittal plane ultrasound image of colonic lymph nodes 2 weeks after surgical evacuation. The colonic lymph nodes (arrows) were smaller (0.4 cm in thickness and 0.7 cm in length) and with homogeneous echogenicity.


A triple-phase CT examination (Discovery 690; GE Healthcare, IL, USA) was performed to obtain further information. On CT images, a large, fluid-to-soft tissue attenuating mass was noted between the submucosal and serosal layers, arising from the middle portion of the descending colon, extending caudally to the distal descending colon immediately cranial to the rectum, and spanning approximately 8 cm in length. The colonic intramural mass contained two different attenuating contents with an interface at all three phases: hyperattenuating materials (40–60 Hounsfield Unit, HU) accumulating on the gravity-dependent side and lower attenuating contents (30–40 HU) on the upper side (Figures 3A,B). Ultrasound-guided fine-needle aspiration was performed, and ~8 ml of non-agglutinated blood was drained. The tentative diagnosis was intraluminal hematoma based on cytologic results.


[image: Figure 3]
FIGURE 3. (A) Transverse and (B) dorsal plane CT images revealed intramural masses (arrows) in the descending colon. Hyperattenuating contents accumulated on the gravity-dependent side of the mass, exhibiting two different layers within the mass with a clear interface. The whole descending colon was deviated to the right on the pre-treatment CT images. (C)Transverse and (D) dorsal plane CT images obtained 1-month post-treatment. Normal colonic intestinal layering was noted, while the colonic lymph nodes (not shown) appeared normal in size and attenuation. The descending colon was located in the left caudal abdominal cavity. The patient's right side is shown on the left image.


Lactulose (2 ml per time, SID, PO) was prescribed for 1 week to resolve constipation. The cat underwent colonoscopy (EVIS EXERA III, CLV-190, PCF-PH190L, Olympus Corporation, Tokyo, Japan) 1 week later at the Tzuoo Ann Animal Hospital, and a mass with an intact mucosal surface and spotty oozing blood was observed (Figure 4A). A speculum was used to approach the mass from the anus and make an incision with a scalpel because it was difficult to penetrate the mass with biopsy forceps. A large number of blood clots were aspirated from the mass. A cotton swab was used to confirm the integrity of the outer intestinal wall and intestinal biopsies of the lesions were sampled with Blakesley nasal forceps (N2990, STORZ, Tuttlingen, Germany). Colonoscopy was reperformed to ensure that there was no active bleeding after surgical evacuation and biopsy (Figure 4B). Histologically, the specimens revealed that mucosal architectures and multiple hyperplastic lymphoid foci were noted at the junction of the mucosa and submucosa. A small number of multifocal lymphocytes and plasma cells were also noted in the lamina propria, with fewer neutrophils. The patient was diagnosed as chronic proctitis with lymphoid hyperplasia (Figure 4D).


[image: Figure 4]
FIGURE 4. A colonoscopy was performed after a CT examination. (A) A round submucosal mass (arrow) with an intact mucosa was noticed at the descending colon, causing narrowing of the colonic lumen. (B) The colonoscopic image obtained after surgical evacuation of the contents in the mass: the incision wound (arrow) was kept open for drainage of the remaining blood clots. (C) Image of a follow-up colonoscopy 1 month after evacuation: the incision wound was well-healed, and no recurrence was seen. (D) Pathology of the colonic specimen showed chronic proctitis and lymphoid hyperplasia of the colon. A small number of lymphocytes and plasma cells with fewer neutrophils are noted multifocally in the lamina propria of colon (H&E stain, bar = 50 μm, 400×).


After colonoscopy, amoxicillin (20 mg/kg, BID, PO), lysozyme (17 mg/kg, BID, PO), L-glutamine (27 mg/kg, BID, PO), tranexamic acid (20 mg/kg, BID, PO), and lactulose (2 ml per time, SID, PO) were prescribed for 2 weeks. Constipation resolved after surgical evacuation, only scant blood was observed in the stool for 4 days. No apparent defecation difficulty, anorexia, or abdominal pain was noted. Follow-up ultrasonography (MyLabTM Class C, LA435, 6–18 MHz, Esaote, Italy) performed 2 weeks later at the Tzuoo Ann Animal Hospital revealed that the affected colon appeared to display normal layering with thickened and corrugated mucosa. The colonic lymph nodes showed homogeneous echogenicity and smaller size than before (0.4 cm in thickness and 0.7 cm in length; Figures 2C,D). A follow-up CT (Aquilion, Toshiba Medical Systems Corporation, Tochigi, Japan) (Figures 3C,D), colonoscopy (Figure 4C), and laboratory examination were performed 1 month later, and showed no mass effect or abnormality during the examinations, while globulin content returned to normal levels and blood coagulation was normal. No relative clinical signs were noted in follow-up telephone interviews after 14 months. The timeline of medical interventions is illustrated in Figure 5.


[image: Figure 5]
FIGURE 5. A brief timeline of the medicine intervention in the cat. Clinical signs presented 3 days prior to first visit. Radiography, ultrasonography, and CT examination were performed on the same day of the first visit. Palliative medication was administrated for 7 days. The surgical intervention was performed 7 days later. Post-operative medicine was administrated for 2 weeks. The patient revisited on day 22. A follow-up CT scan and colonoscopy were conducted 1 month later. After 14 months, a final telephone interview was conducted.




DISCUSSION

Intestinal intramural hematoma is rare in companion animals, and only five cases have been reported in dogs in three previous studies (6–8). Based on our knowledge, this is the first report describing intestinal intramural hematoma in cats. Intestinal intramural hematomas may occur in any part of the intestine. Small intestinal intramural hematomas in dogs are mostly associated with pancreatitis or anticoagulant therapy, resulting in upper abdominal pain and vomiting. In the literature on human patients, the small intestine is affected much more frequently than the large intestine, due to the fixed position of the duodenum anterior to the vertebral column, the force of a blow tends to shear the duodenum held in this fixed position in traumatic cases (6, 9). Additionally, pancreatic disease has been associated with intramural hematoma of the duodenum (9, 10). Colonic intramural hematomas are mostly caused by blunt abdominal trauma, anticoagulant therapy, coagulopathies, or intestinal neoplasia, and large colonic hematomas lead to colonic obstruction, resulting in lower abdominal pain, decreased defecation, vomiting, nausea, and abdominal distention (1). No colonic intramural hematoma has been reported in dogs or cats. In our case, the hematoma was located in the descending colon, causing obstruction of the colonic lumen and resulting in a progressively decrease in defecation and acute onset of constipation with anorexia.

Anticoagulant therapy, foreign bodies, coagulopathies, and secondary blunt abdominal trauma are common causes of colonic hematoma in humans (11). Hematological examination showed a normal coagulopathy function and no clinical history of associated anticoagulation therapy in our case, and no specific findings regarding foreign bodies were noted in the whole digestive system. However, blunt abdominal trauma could not be completely excluded, although it might not have been noticed by the owner. Colonic intramural hematoma induced by blunt abdominal trauma appeared with no apparent cutaneous wound on the first day in human patients, but the acute onset of lower abdominal pain and constipation occurred 1 day later, which is similar to the acute onset of constipation in our case (1, 11). In the veterinary literature for dogs and horses, small intestinal intramural hematomas are usually noted within the tunica muscularis or between the submucosa and tunica muscularis; whereas large intestinal intramural hematomas in houses are usually located in the submucosa (6, 8, 12–14). The intestinal mucosa contains numerous blood and lymph vessels, and hematomas are produced at the tunica muscularis and submucosal layer upon tearing of the terminal artery vessels as they leave the mesentery to penetrate the muscular layer of the intestinal wall, which may explain why the colonic intramural hematoma in this cat was located between the submucosa and muscular layer on ultrasonographic images (15–18). However, in our case, only the mucosa and submucosa could be pathologically evaluated because an invasive procedure for full-thickness intestinal biopsy was not performed at the owner's request.

In our case, a large soft tissue opacity mass was noted in the caudal abdomen, causing dorsal deviation and extreme occlusion of the descending colon and leading to megacolon, which is mostly associated with constipation. Considering the location, the mass was mainly suspected to have arisen from the distal descending colon. However, radiographs only show the location of the mass and cannot differentiate whether it is intraluminal, intramural, or extramural mass. Considering the acute onset of clinical signs, hematoma, abscess, and foreign body were suspected and the likelihood of a granuloma is lower (19). Neoplasia could not be completely excluded, due to the variable duration of onset of clinical signs (20–22). Further diagnostic imaging examinations are required to identify the origin of the mass.

This cat showed a heterogeneous echoic, liquefied mass between the submucosal and muscular layers in the descending colon with regional colonic lymphadenopathy. The echogenicity was similar to that observed in feline colonic neoplasia or feline gastrointestinal eosinophilic sclerosing fibroplasia (FGESF); however, inconsistent with the loss of layering, our case showed intact intestinal layering (23–25). Fluid-filled contents may indicate an abscess; however, homogeneous or anechoic contents are more commonly seen in abscesses (24, 26, 27). In our case, radiographic and ultrasonographic findings together confirmed a colonic intramural mass between the submucosal and muscular layers, but differentiation from the hematoma sonographically was difficult, as similar lesions might also present in intramural neoplasia, abscesses, and FGESF. Considering the large extent of the mass and multiple colonic lymphadenopathies, a more comprehensive examination, such as CT, was performed to provide more information.

On CT images, a large, well-capsuled, soft-tissue attenuating mass was noted in the submucosal and serosal layers of the distal descending colon, causing severe narrowing of the colonic lumen. The mass was nonenhancing and showed stratified contents with a clear interface, 30–40 and 40–60 HU in the upper and lower layers, respectively, similar to that seen in the human literature (28). This interface was only seen on CT images but not on ultrasonography, which might be caused by precipitation of lysed and fragmented clots upon ventral recumbency of the patient during CT scans. Cytological examination revealed abundant red blood cell contents without platelets, consistent with previous chronic hemorrhage (29). A clear interface with different attenuations was also observed in large intracranial hematomas in humans, although the lesion locations were different (30). In our case, triple-phase contrast was performed, and the mass showed no enhancement and intact mucosal and serosal intestinal layers in the arterial, portal, and delayed phases, which was similar to the characteristics of the human colonic intramural hematoma on CT images and further excluded the suspicion of intestinal neoplasia and FGESF (11, 31–33). Abscesses were also excluded due to higher attenuation of contents in the mass (24). The CT image in our case provided a more complete visualization of the abdomen than ultrasonography and radiography and was helpful in excluding intestinal perforation and active bleeding to determine whether emergency surgery was necessary.

The relationship between the timing of hematoma and image characteristics is well known in the human literature; however, it is less well described in animals. In humans, hematomas present variable echogenicity and density at different times on ultrasonographic and CT images (31, 34). Immediately after the hemorrhage (on day 1), freshly extravasated blood is mostly anechoic on ultrasonography and exhibits mixed 40–80 HU signals on CT images, which can be attributed to the formation of a meshwork of fibrin fibrils and globin molecules (3, 31). During week 1, as the hematoma matures, clot retraction ensues, the hematoma shows mostly heterogeneous echogenicity on ultrasonographic images and shows 50–80 HU signals on the CT image, which is similar to what was seen in our case (31, 34). The hematoma gradually becomes more hypoechogenic on ultrasonographic images and hypoattenuating (~10–50 HU) on CT images after the acute phase due to chemical breakdown of globin molecules and lysis of clots over the weeks (31, 34). The intramural mass in our case showed heterogeneous echogenicity on ultrasonography and intermediate attenuation on CT images; therefore, we speculated that the hematoma was formed within 1 week, and this time period also coincided with the onset of clinical signs.

In humans, the treatment of intramural colonic hematoma includes conservative and surgical treatment, whereas descriptions in animals are limited. The optimal management of colonic intramural hematoma depends on the differences in etiologies and the patient's general condition in humans. Conservative treatment is typically used, especially when coagulopathy is the cause (1, 3). Surgical intervention includes surgical excision and surgical evacuation. Surgical excision, such as in hemicolectomy, is often required in cases showing failure of conservative treatment, peritonitis, hemoperitoneum, and intractable bleeding; whereas surgical evacuation may be considered in cases without mucosal perforation (18). Evacuation solely by colonoscopy is rarely seen in the literature because it is difficult to detect and sample colonic intramural hematoma in deeper layers, such as the muscular layer (6, 35). Surgical evacuation of the hematoma by laparotomy is more feasible, because it can facilitate a direct approach of the lesion and ensure there is no oozing after evacuation. Complications of surgical evacuation include hemoperitoneum, peritonitis, and intestinal perforation (18). In our case, ultrasonography revealed the location of the mass was between the submucosal and muscular layers, and the thickness of the mass was more than 1.3 cm, thus we considered incision from the mucosal surface for surgical evacuation was safe. The distal location of the hematoma enabled the anal approach; therefore, surgical evacuation from the anus with a speculum was performed. A cotton swab was used to ensure that the outer colonic layers were not injured or perforated. The wound was not closed for the drainage of the remaining blood clots. After surgery, antibiotics and hemostatic medicine were administered, and the clinical signs, including appetite, spirits, defecation, and abdominal pain, were followed up to ensure that there were no postsurgical complications. No recurrence or complication was noted for more than 14 months; therefore, we considered that this was a sporadic disease in this cat, and surgical evacuation was feasible in this situation.

There are several limitations to our case report. First, no full-thickness biopsy was performed in our case to confirm the origin of the hematoma. Second, the cause of hematoma in this cat is still unknown, thus the incidence of recurrence cannot be estimated. Last, although the outcome of surgical evacuation was good in the current case, as an individual case study, the contraindication of surgical evacuation cannot be fully confirmed.



CONCLUSION

In conclusion, our report describes the multimodality imaging findings and their clinical relevance in a rare case of feline colonic intramural hematoma. The mass appeared as a large mass affecting the descending colon on radiographs, an intraluminal mass between the submucosal and muscular layers with heteroechogenicity and liquified contents on ultrasonography, and showing almost non-enhancing and stratified contents on CT images. Ultrasonography provides a more precise layering location, whereas enhancement and density in CT images can offer more definitive information regarding the diagnosis and formation of the hematoma. The patient responded well to surgical evacuation of the hematoma using the anal approach. No recurrence was noted for more than 14 months. The multimodal imaging findings in this case were invaluable for differential diagnosis and determining the optimal course of treatment.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

Ethical review and approval were not required for the animal study because this was a retrospective case report. Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

T-CH, L-SL, CC, H-CC, and P-HH contributed to image acquisition. T-CH, L-SL, and CC contributed to image interpretation. H-CC and P-HH performed the colonoscopy and surgical intervention. T-CH, L-SL, and C-SC contributed to manuscript editing. All authors reviewed and approved the final submitted manuscript.



FUNDING

This publication was supported by the Southern Taiwan Science Park Bureau, Ministry of Science and Technology, Taiwan, ROC under contract 110CB-1-04.



ACKNOWLEDGMENTS

We would like to thank Dr. Jian-Nan Chen for the image acquisition of the follow-up ultrasonography, and Dr. Yi-Chia Li for pathology image acquisition.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2022.913862/full#supplementary-material

Supplementary Video I. Ultrasonographic images of the colonic intramural hematoma and colonic lymphadenopathy.



REFERENCES

 1. Wang J, Sun X, Shi H, Cao D. Intramural hematoma of colon: case report of 2 cases. Medicine (Baltimore). (2020) 99:e19404. doi: 10.1097/MD.0000000000019404

 2. Samir R, Hashem MB, Badary HA, Bahaa A, Bakheet N. Perspectives and management strategies for acute colonic intramural hematoma. Int J Gen Med. (2022) 15:2861. doi: 10.2147/IJGM.S294884

 3. Kwon K, Cheung DY, Seo Y, Kim SB, Bae KN, Kim HJ, et al. Supportive management resolved a colonic intramural hematoma in an anticoagulant user. Intern Med. (2014) 53:1505–9. doi: 10.2169/internalmedicine.53.2358

 4. Ninomiya I, Sakai Y, Koizumi K, Kohchi I, Kazami A, Fujimoto S, et al. Synchronous colon cancers associated with a submucosal hematoma. Gastrointest Endosc. (2002) 56:926–9. doi: 10.1067/mge.2002.129590

 5. Bacalbaşa N, Bohîlţea R, Dumitru M, Turcan N, Cîrstoiu ML. Subserosal hematoma of the sigmoid colon after vaginal delivery. J Med Life. (2017) 10:76. doi: 10.26416/Gine.15.1.2017.507

 6. Heng HG, Huang A, Baird DK, Mitsui I, Parnell NK. Imaging diagnosis–spontaneous intramural canine duodenal hematoma. Vet Radiol Ultrasound. (2010) 51:178–81. doi: 10.1111/j.1740-8261.2009.01648.x

 7. Padalkar M, Savage M, Cohen EB. Small intestinal intramural hematoma secondary to a migrating wire foreign body in a dog. Vet Radiol Ultrasound. (2018) 59:E61–5. doi: 10.1111/vru.12485

 8. Moore R, Carpenter J. Intramural intestinal hematoma causing obstruction in three dogs. J Am Vet Med Assoc. (1984) 184:186–8.

 9. Hughes CE, Conn JJ, Sherman JO. Intramural hematoma of the gastrointestinal tract. Am J Surg. (1977) 133:276–9. doi: 10.1016/0002-9610(77)90528-1

 10. Hayashi K, Futagawa S, Kozaki S, Hirao K, Hombo Z. Ultrasound and CT diagnosis of intramural duodenal hematoma. Pediatr Radiol. (1988) 18:167–8. doi: 10.1007/BF02387565

 11. Torres US, Cesar DN, D'Ippolito G. Computed tomography and magnetic resonance imaging findings in a case of colonic intramural hematoma after mild blunt abdominal trauma. J Comput Assist Tomogr. (2016) 40:896–8. doi: 10.1097/RCT.0000000000000534

 12. Kobluk CN, Smith DF. Intramural hematoma in the jejunum of a mare. J Am Vet Med Assoc. (1988) 192:379–80.

 13. Speirs VC, van Veenendaal JC, Christie BA, Lavelle RB, Gay CC. Obstruction of the small colon by intramural haematoma in three horses. Aust Vet J. (1981) 57:88–90. doi: 10.1111/j.1751-0813.1981.tb00454.x

 14. Pearson H, Waterman AE. Submucosal haematoma as a cause of obstruction of the small colon in the horse: a review of four cases. Equine Vet J. (1986) 18:340–1. doi: 10.1111/j.2042-3306.1986.tb03647.x

 15. Ettinger SJ, Feldman EC, Cote E. Textbook of veterinary internal medicine-ebook, 8th ed. Elsevier Health Sciences (2017). p. 3827

 16. Miller MJ, McDole JR, Newberry RD. Microanatomy of the intestinal lymphatic system. Ann N Y Acad Sci. (2010) 1207 Suppl 1:E21–8.

 17. Calabuig R, Ortiz C, Sueiras A, Vallet J, Pi F. Intramural hematoma of the cecum: report of two cases. Dis Colon Rectum. (2002) 45:564–6. doi: 10.1007/s10350-004-6240-y

 18. Alzeerelhouseini HIA, Abuzneid YS, Aljabarein OY. Delayed presentation of intramural cecal hematoma with challenges in the treatment. A case report and review of the literature. Int J Surg Case Rep. (2021) 82:105884. doi: 10.1016/j.ijscr.2021.105884

 19. Tyrrell D, Beck C.Survey of the use of radiography vs ultrasonography in the investigation of gastrointestinal foreign bodies in small animals. Vet Radiol Ultrsound. (2006) 47:404–8. doi: 10.1111/j.1740-8261.2006.00160.x

 20. Joudrey SD, Robinson DA, Blair R, Mclaughlin LD, Gaschen L. Perianal neuroendocrine tumor with suspected lymph node metastasis causing colonic compression and subsequent megacolon. Can Vet J. (2015) 56:240.

 21. Leroy BE, Lech ME. Prostatic carcinoma causing urethral obstruction and obstipation in a cat. J Feline Med Surg. (2004) 6:397–400. doi: 10.1016/j.jfms.2004.04.005

 22. Arteaga TA, Mcknight J, Bergman PJ. A review of 18 cases of feline colonic adenocarcinoma treated with subtotal colectomies and adjuvant carboplatin. J Am Anim Hosp Assoc. (2012) 48:399–404. doi: 10.5326/JAAHA-MS-5807

 23. Rivers BJ, Walter PA, Feeney DA, Johnston GR. Ultrasonographic features of intestinal adenocarcinoma in fivecats. Vet Radiol Ultrasound. (1997) 38:300–6. doi: 10.1111/j.1740-8261.1997.tb00859.x

 24. Nemoto Y, Haraguchi T, Shimokawa Miyama T, Kobayashi K, Hama K, Kurogouchi Y, et al. Pancreatic abscess in a cat due to Staphylococcus aureus infection. J Vet Med Sci. (2017) 79:1146–50. doi: 10.1292/jvms.17-0026

 25. Weissman A, Penninck D, Webster C, Hecht S, Keating J, Craig LE. Ultrasonographic and clinicopathological features of feline gastrointestinal eosinophilic sclerosing fibroplasia in four cats. J Feline Med Surg. (2013) 15:148–54. doi: 10.1177/1098612X12464224

 26. Lee M, Kang JH, Chang D, Na KJ, Yang MP. Pancreatic abscess in a cat with diabetes mellitus. J Am Anim Hosp Assoc. (2015) 51:180–4. doi: 10.5326/JAAHA-MS-6122

 27. Penninck D, d'Anjou M-A. Atlas of Small Animal Ultrasonography. 2nd ed. John Wiley & Sons (2015). p. 50.

 28. Nozu T. Idiopathic spontaneous intramural hematoma of the colon: a case report and review of the literature. Clin J Gastroenterol. (2009) 2:161–5. doi: 10.1007/s12328-008-0061-9

 29. Cowell RL, Tyler RD, Meinkoth JH, DeNicola DB. Diagnostic Cytology and Hematology of the Dog and Cat-E-Book, 4th ed. Elsevier Health Sciences (2007). p. 108.

 30. Parizel PM, Makkat S, Van Miert E, Van Goethem JW, van den Hauwe L, De Schepper AM. Intracranial hemorrhage: principles of CT and MRI interpretation. Eur Radiol. (2001) 11:1770–83. doi: 10.1007/s003300000800

 31. Plojoux O, Hauser H, Wettstein P. Computed tomography of intramural hematoma of the small intestine: a report of 3 cases. Radiology. (1982) 144:559–61. doi: 10.1148/radiology.144.3.6980432

 32. Wisner E, Zwingenberger A. Atlas of Small Animal CT and MRI, 1st ed. John Wiley & Sons (2015). p. 539. doi: 10.1002/9781119421399

 33. Thieme ME, Olsen AM, Woolcock AD, Miller MA, Simons MC. Diagnosis and management of a case of retroperitoneal eosinophilic sclerosing fibroplasia in a cat. JFMS Open Rep. (2019) 5:2055116919867178. doi: 10.1177/2055116919867178

 34. Wicks JD, Silver TM, Bree RL. Gray scale features of hematomas: an ultrasonic spectrum. AJR Am J Roentgenol. (1978) 131:977–80. doi: 10.2214/ajr.131.6.977

 35. Kwon CI, Kim DH, Hong SP. Immediate endoscopic management of an intramural hematoma developed during colonoscopy. Clin Endosc. (2017) 50:508–9. doi: 10.5946/ce.2017.037

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Hsu, Lin, Chung, Chiang, Chiu and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 12 July 2022
doi: 10.3389/fvets.2022.908829






[image: image2]

Color M-Mode Echocardiography for Non-Invasive Assessment of the Intraventricular Pressure in Dogs Before and After Ductus Arteriosus Occlusion: A Retrospective Study

Miki Hirose1†, Ahmed S. Mandour1,2*†, Seijirow Goya3, Lina Hamabe1, Katsuhiro Matsuura1, Tomohiko Yoshida1, Momoko Watanabe1, Kazumi Shimada1, Akiko Uemura4, Ken Takahashi5 and Ryou Tanaka1*


1Department of Veterinary Surgery, Tokyo University of Agriculture and Technology, Tokyo, Japan

2Department of Animal Medicine (Internal Medicine), Faculty of Veterinary Medicine, Suez Canal University, Ismailia, Egypt

3Department of Bioresource Sciences, Nihon University, Fujisawa, Japan

4Division of Veterinary Research, Department of Veterinary Surgery, Obihiro University of Agriculture and Veterinary Medicine, Obihiro, Japan

5Department of Pediatrics and Adolescent Medicine, Juntendo University Graduate School of Medicine, Bunkyo, Japan

Edited by:
Haney Samir, Cairo University, Egypt

Reviewed by:
Carlos Fernando Agudelo, University of Veterinary and Pharmaceutical Sciences Brno, Czechia
 Samar Elsharkawy, Cairo University, Egypt

*Correspondence: Ahmed S. Mandour, dr_mandour@vet.suez.edu.eg
 Ryou Tanaka, ryo@vet.ne.jp

†These authors have contributed equally to this work

Specialty section: This article was submitted to Veterinary Imaging, a section of the journal Frontiers in Veterinary Science

Received: 31 March 2022
 Accepted: 06 June 2022
 Published: 12 July 2022

Citation: Hirose M, Mandour AS, Goya S, Hamabe L, Matsuura K, Yoshida T, Watanabe M, Shimada K, Uemura A, Takahashi K and Tanaka R (2022) Color M-Mode Echocardiography for Non-Invasive Assessment of the Intraventricular Pressure in Dogs Before and After Ductus Arteriosus Occlusion: A Retrospective Study. Front. Vet. Sci. 9:908829. doi: 10.3389/fvets.2022.908829



Background: Novel non-invasive evaluation of the intraventricular pressure differences and gradients (IVPD and IVPG) by color M-mode echocardiography (CMME) is a promising method in diastolic function evaluation. Patent ductus arteriosus (PDA) is a congenital heart defect which is associated with increased preload. The present work provides a clinical trial for the assessment of IVPD and IVPG changes in dogs before and after surgical occlusion of PDA.

Materials and Methods: A total of 12 client-owned dogs were enrolled in this study. PDA was confirmed using echocardiography, and all dogs underwent PDA occlusion. Conventional echocardiography and CMME were conducted on each patient on the operation day (Pre-PDA) and 48 h after its occlusion (Post-PDA). The total IVPD and total IVPG, as well as segmental intraventricular pressure (basal, mid-to-apical, mid, and apical) were measured from Euler's equation using specific software (MATLAB). Data were analyzed for variability and for the difference between pre- and post-PDA. The effect of PDA occlusion on the measured variables was calculated using biserial ranked correlation (rc).

Results: There was a significant reduction in end-diastolic volume, fraction shortening, stroke volume, and mitral inflow velocities (early and late) after PDA closure. CMME was feasible in all dogs, and the CMME indices showed moderate variability, except for the apical segment of IVPD and IVPG. After PDA closure, in comparison with the pre-PDA occlusion, there was a significant reduction in total IVPD (2.285 ± 0.374 vs. 1.748 ± 0.436 mmHg; P = 0.014), basal IVPD (1.177 ± 0.538 vs. 0.696 ± 0.144 mmHg; P = 0.012), total IVPG (1.141 ± 0.246 vs. 0.933 ± 0.208 mmHg; P = 0.032), and basal IVPG (0.578 ± 0.199 vs. 0.377 ± 0.113 mmHg; P = 0.001); meanwhile, mid, mid-to-apical, and apical segments of both IVPD and IVPG showed non-significant difference. The magnitude of PDA occlusion on the measured variables was clinically relevant and associated with a large effect size on total and basal IVPD and IVPG (rc > 0.6).

Conclusion: The current clinical study revealed matched response of IVPD and IVPG to the reduced preload rather than left ventricular relaxation. This result is an initial step in the clinical utility of CMME-derived IVPD and IVPG measurements in the diastolic function evaluation in dogs with PDA that warrants further clinical studies.

Keywords: dog, ductus arteriosus, Doppler echocardiography, intraventricular pressure, diastole, overloading


INTRODUCTION

During the fetal life, the vascular tunnel, known as “ductus arteriosus,” shunts the blood between the aorta and the main pulmonary artery to bypass the immature nonfunctional fetal lungs. At birth, the abrupt increase in the blood oxygen content and the reduction in the blood prostaglandin levels stimulate the closure of the duct. In dogs, functional closure of the ductus occurs 4 days post-partum and becomes complete at 7–8 days of age (1–3). However, hypoplasia and asymmetry of the ductal architecture result in patent ductus arteriosus (PDA), which is the most frequently reported congenital cardiac defect that affects a wide range of dog breeds. PDA is accounted for 20–30% of the congenital heart defects in dogs depending on geographical screening (4). PDA is routinely diagnosed on clinical examination with echocardiography which shows volume overloading (5, 6). Depending on the size of the PDA, the clinical signs of PDA are variable ranging from no or mild symptoms to severe congestive heart failure signs including dyspnea, continuous heart murmurs, abnormal pulses, and exercise intolerance. The PDA in dogs can be managed medically or occluded surgically through a transvenous catheter or via thoracotomy. Rapid interference for surgical occlusion of the PDA tunnel is preferable before overt clinical symptoms and irreversible heart damage (2).

Recently, CMME-derived intraventricular pressure differences (IVPD) and intraventricular pressure gradients (IVPG) have been invented as promising tools for cardiac function examination. Studies revealed the utility of IVPD and/or IVPG for the diagnosis of diastolic dysfunction. The feasibility of the novel approach has been utilized in various experimental animal models (7–13), as well as in some human studies (14–16). Recent studies showed that non-invasive IVPG could be an indicator of heart failure in children as well as in dogs receiving chemotherapy (12, 15). IVPG also explained the mechanism underlying diastolic dysfunction in the tetralogy of Fallot, which was associated with reduced suction force as indicated by reduced mid-to-apical IVPG (14). Another study suggested that IVPD and IVPG indices could reflect the preloading conditions (9). However, more studies are still needed for the validation of IVPD/IVPG in the clinical setting.

Current cardiovascular research focuses on the development of non-invasive diagnostics for diastolic dysfunction. This is because heart failure with preserved ejection fraction (HFpEF) is known to account for half of the patients diagnosed with end-stage heart failure, and the accurate diagnostic methods are challenging and have not yet been established (17). Evaluation of diastolic function using conventional echocardiography is limited as the measurements are affected by the heart rate and arrhythmias. A combination of various echocardiographic techniques is necessary to avoid overestimation of the echocardiographic measurements (18). Additionally, the practical usage of a reliable cardiac catheterization method is invasive and requires perioperative procedures, including anesthesia, and surgical techniques (19, 20). To our knowledge, there are no reports of clinical studies which have focused on the importance of IVPD and IVPG analysis obtained from CMME in canine congenital heart disease. PDA is a good example of volume overloading, which resulted in a profound left to right shunt from the aorta to the pulmonary artery leading to left side dilatation, increased end-diastolic pressure, myocardial failure, and overt pulmonary edema (6, 21). We hypothesize that the hemodynamic and contractility changes which occur before and after PDA closure could be detected by the measurement of IVPD and IVPG using CMME. The present study aims to provide a short-term evaluation of IVPD/IVPG changes in dogs with PDA.



MATERIALS AND METHODS


Animals and Study Protocol

A total of 12 client-owned dogs echocardiographically diagnosed with PDA and underwent transvascular PDA occlusion were enrolled in this study. The study was carried out between January 2018 and April 2021 at the Animal Medical Center, Tokyo University of Agriculture and Technology, Japan. Before enrollment, the informed consent was collected from all owners.



Clinical Examination and Diagnosis of PDA

Diagnosis and decision for the surgical treatment of PDA were determined through a comprehensive clinical evaluation including detailed medical history, physical examination (including cardiac auscultation, mucous membrane color, breathing condition, etc.), as well as thoracic radiography, electrocardiography, and echocardiography. On cardiac auscultation, grade IV continuous left basilar systolic murmur was detected in all cases. Specific objects/parameters to be evaluated before surgery were as follows: signalment (age, breed, sex, and body weight), anatomical characterization of PDA, existence and severity of heart failure, as well as systolic and/or diastolic dysfunction.



PDA Closure

Patent ductus arteriosus occlusion was performed via intercostal thoracotomy under general anesthesia. All preoperative, intraoperative, and postoperative procedures were conducted as described in previous reports (22–24). All dogs were sedated with buprenorphine hydrochloride (Lepetan; Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan, 0.02 mg/kg, intravenously), midazolam hydrochloride (Dormicum; Astellas Pharma Inc., Tokyo, Japan, 0.2 mg/kg, intravenously), and atropine sulfate (Atropine sulfate; Tanabe Seiyaku Co., Ltd., Saitama, Japan, 25 μg/kg, intravenously). After tracheal intubation, anesthesia was induced with propofol (Propofol Mylan; Mylan Seiyaku, Tokyo, Japan, 4 mg/kg, intravenously) and was maintained by isoflurane inhalation (Isoflurane for Animal Use; Intervet, Osaka, Japan, end-tidal concentration of 1.5 ± 0.1%). The ductus arteriosus was occluded using a double hemostatic clip (DS titanium ligation clip, Aesculap, Japan). During surgery, transesophageal echocardiography was performed with ProSound SSD-α10 (Hitachi Aloka Medical, Ltd., Japan) using a sector probe (UST-52119S, Hitachi Aloka Medical, Ltd., Japan). Postoperative confirmation of hemostatic clip and leakage was assessed by Doppler echocardiography.



Conventional Echocardiography

Standard echocardiography was performed on all unsedated dogs at the baseline on the operation day before surgical occlusion of the PDA (Pre-PDA) and 48 h after its occlusion (Post-PDA). The echocardiography was performed using ALOKA prosound α10 (Hitachi Aloka Medical, Ltd., Japan) with a 5-MHz phased array transducer probe (UST52108, Hitachi Aloka Medical, Ltd., Japan). Dogs were placed in lateral recumbency and the conventional echocardiographic examination from the standard right and left cardiac windows was recorded using a well-known standard echocardiographic technique (25). The following measurements were reported from the right parasternal short-axis view at the papillary muscle level: left ventricle (LV) end-diastolic and end-systolic diameters (LVIDd, LVIDs), interventricular septal thickness in diastole and systole (IVSd, IVSs), LV free wall thickness in diastole and systole (LVPWd, LVPWs), LV end-diastolic and end-systolic volume (EDV, ESV), and fraction shortening (FS). From the right parasternal short-axis view at the base of the heart in late systole, the left atrium diameter (LADs), aortic diameter (Ao), and the left atrial diameter to aortic diameter ratio (LA/Ao) were obtained by two-dimensional echocardiography. Also, the right ventricular outflow tract (RVOT) was measured by pulsed-wave Doppler echocardiography of the main pulmonary artery. On the left apical view, the left ventricular outflow tract (LVOT) and mitral inflow velocity indices (early velocity, Ev; late velocity, Av) were measured using pulsed-wave Doppler echocardiography, while tissue Doppler imaging (TDI) was used to measure the annular tissue velocity indices. The TDI measurements include systolic velocity (Sm) as well as early and late diastolic tissue velocities (Em and Am) from IVS (septal, Sep) and LVPW (free wall, FW). The corresponding ratio between Em/Am, as well as E and Em (E/Em) from IVS and LVPW was then calculated.



Color M-Mode Echocardiography for Assessment of IVPD and IVPG

The whole echocardiography protocol including CMME was performed within 15 min in which the CMME was traced within 5 min. To avoid the stress-related erroneous imaging, the examination was temporarily stopped when there was an abrupt increase in respiratory and heart rates. The ultrasound probe was set to trace IVPG from the left apical two-chamber view with proper visualization of the entire mitral inflow tract to the LV apex. To increase the Nyquist limit, a prior machine setting including sweep speed of 300 mm/s and color baseline shift was adjusted at −64. During image processing for IVPD and IVPG using the MATLAB, the time from aortic valve opening to its closure, the time from the beginning of Q wave to the start of early mitral inflow (E wave), and the time from the start of Q wave to the peak E wave were collected from conventional echocardiography and manually inserted into the dialog boxes of the MATLAB. Five high-quality images of consecutive heartbeats were selected and analyzed separately by the same observer, and the average measurement of each patient was considered for the analysis.

The IVPD and IVPG derived from CMME were calculated based on the previously validated IVPD measurements technique (14, 26, 27). IVPD was calculated from the Euler equation after processing images obtained via the CMME using MATLAB (The MathWorks, Natick, MA, USA) as follows:

(∂ P)/(∂s) = –ρ((∂v)/(∂ t) + v (∂v)/(∂ s)).

where ∂ is the change in element followed, P is the pressure, ρ is the constant blood density (1,060 kg/m3), v is the velocity, s is the position along with the color M-mode line, and t is the time. The IVPG values were derived from the IVPD according to the following formula (14, 26–28):

IVPG (mmHg/cm) = IVPD/LV length.

The IVPG and IVPD were automatically divided into basal, mid-to-apical, mid, and apical segments, which are corresponding to their location in the LV (11, 12, 14).



Statistical Analysis

The sample size of dogs before and after the closure of PDA was measured based on the outcomes and calculations performed with the G*Power 3.1.9.2 software (University Kiel, Germany, 1992–2014) (29) assuming a moderate effect of PDA occlusion on CMME variables according to Cohen with 0.37 effect size (30). The normality of the data was tested by the Shapiro–Wilk test and the 95% coefficient of variations (CV) and 95% confidence interval (CI) of means were reported. Wilcoxon matched-pairs signed-rank test was used to compare all echocardiographic data before and after PDA occlusion using GraphPad Prism Version 8 (GraphPad Software Inc., San Diego, CA, USA). Analyzed variables showing P < 0.05 were considered statistically significant. Spearman's rank correlation was measured between conventional cardiac parameters and CMME indices. To examine the effect of PDA closure on the obtained parameters, the effect size for non-parametric data was calculated by rank-biserial correlation (rc) using a free JASP software program. Interpretation of the effect size was done based on rc values as follows (31): small effect (rc ≥ 0.1), medium effect (rc ≥ 0.4), and large effect (rc ≥ 0.6).




RESULTS


Clinical Findings and Outcomes

Twelve small breed dogs underwent surgical treatment for PDA. Five dog breeds were included in this study: Pomeranians (33.3%, n = 4), Chihuahua (25%, n = 3), Maltese (16.7%, n = 2), Mix (16.6%, n = 2), and Toy Poodles (8.3%, n = 1). Overall, seven males (58.3%) and 5 females (41.7%) were included. On the day of diagnosis, the median BW was 1.49 kg (range: 0.92–2.16) and the median age was 4.5 months (range: 2–7). One dog had diarrhea and was prescribed anti-diarrhea medicine and antibiotics by the referring clinic before surgery. Also, one dog showed cough and another one had polyuria and polydipsia. No dog showed severe symptoms of heart failure or received other medication.



Conventional Echocardiography

Figure 1 illustrates the conventional echocardiographic findings in dogs diagnosed with PDA. The left–right PDA shunt was detected from the left cranial parasternal location after obtaining the heart base in the short axis. Table 1 shows functional measurements of conventional echocardiography. The data revealed a significant increase in IVSd and LVPWd thickness, and a significant reduction in LVIDd, heart rate, EDV, FS, and mitral inflow waves (Ev and Av). By TDI, Sm of the septum and the E/Em of the free wall were significantly reduced. The effect size on the aforementioned heart function parameters was large (rc > 0.6). Before the operation, the median of PDA velocity was 532.3 cm/s (range: 436.3–594.9 cm/s). The following abnormalities were observed in the postoperative settings: mitral regurgitation (MR) was found in eight dogs (median MR velocities: 571.5 cm/s, dp/dt: 3,123.7 mmHg/s); pulmonary regurgitation (PR) in four dogs (median PR: 146.0 cm/s); and tricuspid regurgitation (TR) in one dog (TR velocity: 169.6 cm/s). All dogs were discharged from the hospital 48 h after showing hemodynamic stability.


[image: Figure 1]
FIGURE 1. Conventional echocardiographic examination in dogs with PDA. (A) The PDA shunt was detected upon echocardiographic examination from the left parasternal short-axis view at the base of the heart using color Doppler echocardiography, and the velocity of the blood flow across the shunt was detected using continuous-wave Doppler echocardiography. (B) Pulsed-wave Doppler echocardiography of the transmitral flow was used to measure the early and late diastolic peaks. (C,D) Dual Doppler imaging of the transmitral flow and the tissue Doppler imaging at the septal (C) and the free (D) wall of the left ventricle to measure the early inflow velocity to early tissue velocity (E/Em) ratio.



Table 1. Echocardiographic measurements in dogs before and after PDA occlusion.
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Color M-Mode Echocardiography

The CMME was successfully performed in all dogs (Figure 2). All dogs showed standard spectral mitral inflow waves of CMME with the opening and closure of the mitral valve. The obtained IVPD and IVPG results from MATLAB yielded five different indices, total, basal, mid-to-apical, mid, and apical. Table 2 shows the descriptive statistics of CMME variables in dogs before and after PDA occlusion. All CMME data were normally distributed, except mid-to-apical IVPD. The variability of CMME data from pre- and post-PDA was separately calculated, which showed a comparable 95% CV. All IVPD and IVPG indices obtained from pre- and post-PDA showed moderate variability (95% CV <25%), except for the apical IVPD and apical IVPG (95% CV = 36.9 and 44.8, respectively). The variability of IVPD and IVPG data between heart cycles was not significant.


[image: Figure 2]
FIGURE 2. Schematic illustration of intraventricular difference (IVPD) measured by Color m-mode echocardiography (CMME) in dogs before PDA occlusion. The mitral inflow was firstly optimized from the left apical four-chamber view. After that, the machine setting for CMME to measure IVPD (IVPG) was switched on and photos were captured (A). Offline saved photos were further processed by MATLAB software for IVPD and IVPG calculation. The three-dimensional profile of IVPD was calculated after extraction of the velocity, temporal, and spatial elements from the region of interest (blue box) (B). Spatial distribution of the IVPD along the entire left ventricle from the base toward the apex (C). The top (blue), middle (red), and bottom (blue) lines represent inertial, total, and convective IVPD, respectively.



Table 2. Variability and normality of CMME indices before and after PDA occlusion.
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Effect of PDA Closure on IVPD and IVPG Measurements

Figures 3, 4 represent the results of the IVPD and IVPG indices before and after PDA occlusion. The data revealed a significant reduction in total IVPD (Mean ± SD: 2.285 ± 0.373 vs. 1.748 ± 0.436 mmHg; P = 0.014), basal IVPD (1.177 ± 0.538 vs. 0.696 ± 0.144 mmHg; P = 0.012), total IVPG (1.141 ± 0.246 vs. 0.933 ± 0.208 mmHg; P = 0.032), and basal IVPG (0.578 ± 0.199 vs. 0.377 ± 0.113 mmHg; P = 0.001) after PDA closure. The percentage of reduction in total IVPD, basal IVPD, total IVPG and basal IVPG after PDA closure were 23.5% (0.537 mmHg), 40.9% (0.481 mmHg), 18.23% (0.208 mmHg), and 34.8% (0.201 mmHg), respectively. In addition, there were non-significant increases in apical IVPD (0.198 ± 0.157 vs. 0.253 ± 0.180 mmHg) and apical IVPG (0.107 ± 0.088 vs. 0.131 ± 0.089 mmHg) after PDA closure compared with the baseline (P > 0.05). Also, there was no significant change in the mid and mid-to-apical IVPD and IVPG. Regarding the effect size, the differences in the observed data (Pre- and Post-PDA) were clinically relevant and showed association with a large effect size on total IVPD (rc = 1.0), basal IVPD (rc = 0.889), total IVPG (rc = 0.944), and basal IVPG (rc = 1.0).


[image: Figure 3]
FIGURE 3. CMME-derived intraventricular pressure difference (IVPD) variables before and after occlusion of the patent ductus arteriosus (pre-PDA, post-PDA) in dogs (n = 12). Dots plots showing the median and range. *indicates the statistical significance (P < 0.05).



[image: Figure 4]
FIGURE 4. Dots plots showing the median and range of the intraventricular pressure gradients (IVPG) indices Pre-and Post-PDA closure in dogs (n = 12). *reveals the statistical significance (P < 0.05).




Correlation Between IVPD/IVPG Indices and Echocardiographic Measurements

The correlation results are presented in Table 3. Total IVPD was correlated positively with Ev (r = 0.470, P = 0.021). Basal IVPD was trended positive with E/Em free wall (r = 0.450, P = 0.071). Mid-to-apical IVPD was correlated with ESV (r = 0.422, P = 0.040) and Ev (r = 0.424, P = 0.040). Apical IVPD was positively correlated with ESV (r = 0.677, P = 0.001) and negatively with FS (r = −0.502, P = 0.017). Basal IVPG was correlated with LA/Ao (r = 0.446, p = 0.033). Mid-to-apical IVPG was correlated with LVIDd (r = 0.418, P = 0.042), EDV (r = 0.434, P = 0.034), and ESV (r = 0.541, P = 0.032). Apical IVPG was correlated with Em of the free wall (r = 0.454, P = 0.026). Em/Am free wall was negatively correlated with basal IVPD and basal IVPG, and was positively correlated with mid-to-apical IVPD, apical IVPD, mid-to-apical IVPG, and apical IVPG. Neither body weight nor HR was significantly correlated with CMME indices.


Table 3. Correlation between CMME indices and echocardiographic measurements.
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DISCUSSION

In congenital heart disease like PDA, it is important to consider diastolic function and preload separately to understand the pathophysiology and to formulate a treatment plan (32, 33). To date, IVPD and IVPG evaluation via CMME is still at the research stage, and the widespread use of such novel methods requires intensive experimental and clinical trials (7, 12, 15). Recent studies have begun to reveal the efficiency of CMME-derived IVPD and IVPG indices for the evaluation of cardiac function. However, this is the first clinical study that explored the short-term changes in IVPD and IVPG in dogs before and rapidly after PDA occlusion.

Regarding conventional echocardiographic parameters, PDA occlusion resulted in a significant reduction of LVIDd, HR, EDV, FS, Ev, Av, Sm septum, and E/Em free wall, as well as a mild non-significant decline in Em and E/Em at the interventricular septum. These changes have been previously reported following PDA closure, and temporal systolic dysfunction may occur in some dogs which seems to be clinically unimportant (5, 6, 34). Based on Frank-Starling's Law, the contractility of the LV is increased secondary to elevated preload through the existing shunt via stretching of the muscle fibers to maintain effective systemic circulation. Therefore, reduction of the loading condition of the LV after PDA closure reduces myofibrillar stretching and contractility. In human PDA cases, a severe reduction in the preoperative FS has been reported to be a risk factor for postoperative death (35). Unlikely, postoperative mortalities are less encountered in dogs diagnosed with PDA, as they are usually admitted at <1 year of age before any significant reduction in the FS%. In this study, the FS% was >35% (median of 41.9%), except for one case in which the FS was 28.0%, indicating no reduction of preoperative FS%. The reduction of the Em (for the septum) could be explained by the fact that it can be affected by HR and preload (36). In addition, Em velocity may not reflect the function of the entire ventricle, as it is highly angle-dependent and also vastly influenced by the cardiac translational movement and tethering (17).

Color M-mode echocardiography can be used to separately evaluate the diastolic function and cardiac preload. The feasibility of CMME for the assessment of IVPD and IVPG has already been reported in dogs (11, 12). As in previous studies, IVPD and IVPG were calculated using a program in MATLAB, which was further modified from previous reports (14, 16, 26–28). To enable a detailed evaluation of the pathophysiology of each fraction of IVPD and IVPG in the LV, the LV was divided into three sections according to its anatomical localization, which collectively or partially reflects specific LV function, which implies that IVPD and IVPG can be interpreted comprehensively (26). In this study, CMME was feasible in all dogs and showed moderate variability (95% CV <25%) in all indices except for the apical IVPD and apical IVPG. Those results could be attributed to variable loading conditions that can be influenced by different factors in dogs including age, body weight, and breed of dogs (11). Since all the echocardiographic data were collected without prior sedation, body movements may have resulted in data variability. The higher variability in the apical segment was previously reported (37), which could be explained by variation in the color resolution of the upper part of CMME images compared with the lower part.

In the current study, there was a significant decrease in total and basal IVPD and IVPG post-PDA compared with pre-ligation measurements. This is presumably due to the reduction in the loading status secondary to decreased preload in the dogs post-PDA (9). This explanation is supported by the observed reduction in LVIDd, Ev, and E/Em, which are known as conventional indicators of the preload (25). The apical segment of IVPD and IVPG, on the other hand, increased slightly but not significantly in our study. Additionally, there were no significant changes in mid and mid-to-apical IVPD or IVPG. Generally, PDA closure showed a synchronous decrease in the LV preload and increment in the afterload. The increase in afterload is related to the low-resistance pulmonary circulation compared to the LV outflow (34, 38, 39). A temporal reduction in heart function following PDA ligation was previously reported (5). We assumed a decrease in mid and/or mid-to-apical segments of LV pressure obtained via CMME as an indication of LV active relaxation after PDA closure (7). However, this was not proved in our study, which may be due to the small size group, absence of CHF in our patients, and lack of long-term follow-up by CMME. In other words, 48 h was insufficient to observe significant changes in LV active relaxation by CMME. A previous human study required long-term follow-up for recovery of cardiac function after PDA closure (38). In addition, the recovery of diastolic function after PDA closure is slow and difficult to assess (40). Therefore, long-term observations of IVPD and IVPG may allow better assessment of changes in LV mitigation capacity. Based on our results, we believe that left ventricular relaxation capacity is less susceptible to sudden hemodynamic changes that may be detectable by CMME over a longer time of patient follow-up.

In our study, there were some correlations between the CMME-derived indices and conventional echocardiographic parameters, particularly those that are important for diastolic function, as previously observed in other studies (7, 9–12, 16, 37). The IVPD and IVPG indices reported in the present study were comparable to previous reports in dogs and cats (11, 15, 37). A previous study reported CMME-derived IVPD and IVPG indices in a group of healthy small to large breed dogs of different ages and BW and found that the IVPD was influenced by the heart size (11). In our study, there was a significant correlation between mid-to-apical IVPG and LVIDd, which could be attributed to the narrow age and BW ranges of our group. Another feline study showed that the total IVPG was affected by HR (37), which was not found in our study. There was not much difference in the HR range between dogs in this study and cats in the other study (37). Unlike dogs, cats can become highly excited during the examination, and consequent fluctuation of the HR and increased systolic function may be noticed under the influence of a high sympathetic tone (37, 41). In our study, the correlation coefficient was almost weak. Therefore, proper interpretation of these relationships may be biased due to the small sample size and short-term follow-up, and we would like to accumulate a larger number of PDA cases throughout a longitudinal observation to increase the statistical power of our findings in the future.


Clinical Implications

This is the first clinical study to utilize CMME indices in dogs to compare the changes observed before and after PDA occlusion. The clinical relevance of the result is clear and has been associated with a large effect size on total and basal segments of IVPD and IVPG rather than mid-to-apical parts. The result of this study did not provide clear evidence of significant change in mid-to-apical IVPD/IVPG, the landmark for enhanced LV relaxation, because assessment after 48 h following PDA occlusion is too short to fully restore left ventricular diastolic function. This is likely due to the more rapid changes in hemodynamic rather than morphological changes in the cardiac function shortly after the PDA occlusion, and further longitudinal observation at different time points is necessary.



Limitations

The number of dogs included in the study is small; however, the provided data and their clinical relevance are quite solid. Since the PDA operation was performed via intercostal thoracotomy, neither catheterization nor angiography was performed for this study. A previous study showed that CMME-derived IVPD and IVPG were strongly correlated with tau measured by invasive catheterization, thus comparative assessment of IVPD between CMME and catheterization was not performed in this study (7, 12, 28). Besides, recent publications used CMME for non-invasive assessment of IVPD and/or IVPG that has been performed in dogs and cats without catheterization (15, 37).




CONCLUSION

A short-term observation of IVPD and IVPG reflects the changes in preload rather than myocardial relaxation, and a continuous follow-up at different time intervals following PDA occlusion warrants another study. Overall, CMME-derived IVPD and IVPG can be used for further evaluation of cardiac function in dogs, and the apical indices should be considered with caution.
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This study aims to compare the complete growth and development of corpus luteum (CL) in domestic buffalos from day 5 until day 40 after ovulation either in pregnant or non-pregnant animals and whether luteal vascularity (LV) with progesterone (P4) and nitric oxide (NO) could determine luteal functionality or not. Pluriparous buffalos (Bubalus bubalis) were categorized as pregnant (n = 6) or non-pregnant (n = 9) after pregnancy check at day 25. Animals were subjected to ultrasound analysis to determine the CL area (cm2) and LV. Blood sampling was performed following the Doppler examination. Ovarian tissue samples from non-pregnant buffalo genitalia (n = 18) and early pregnant buffalo genitalia (n = 3) were collected from great abattoirs. Luteal Doppler indices were lower in the pregnant group, while peak systolic velocity (PSV) was increased (p < 0.05) in the same pregnant females. Both P4 and NOMs were elevated (p < 0.05) in the pregnant group. There was a positive correlation (p < 0.01) between P4 and CL PSV. Based on our macroscopical examination, the CL of non-pregnant buffalos was classified into four stages. Histologically, stage I showed that CL was covered by a highly vascularized connective tissue (CT) capsule. It consisted of small and large lutein cells, whereas stage II was similar to stage I except for the presence of numerous fibroblast cells and vacuolated cells. Stage III was characterized by increasing the number of collagen fibers and the thickness of the blood vessels. Stage IV revealed thickening of the CT capsule and septae, regressed capillaries and arterioles, in addition to shrunken degenerated lutein cells. CL of pregnant buffalos revealed the same structure as CL at stage II. CL area was increased in the pregnant group. The collective data suggested that evaluation of the luteal artery could be extremely helpful to determine the potential benefits of colored and pulsed Doppler in CL vascularization assessment in both luteal and early pregnancy phases.

KEYWORDS
 buffalos, corpus luteum, Doppler, histology, pregnant


Introduction

Buffalos (Bubalus bubalis) are a common species in the Middle East (1) and Africa (2), and have great potential due to their critical role in farming and agriculture in those developing countries (3–5). One of the major restraints in the utilization of domestic buffalo reproductive capacity as compared to cattle has been its characteristically poorer reproductive functionality and efficiency (6) that is associated with silent heat, missing many behavioral signs, and lesser conception rates (7, 8). So, studying a basic reproductive pattern is of great importance for enhancing the reproductive efficiency of buffalos (9). The corpus luteum (CL) is the primary reproductive gland responsible for progesterone production, and is required for the establishment and progression of the gestation period; moreover, CL plays a critical role in many reproductive processes, such as successive implantation and embryonic development (10, 11). Histologically, CL consists of cells with a steroidogenic and non-steroidogenic nature (12). The steroidogenic cells, which are responsible for progesterone production, are composed of luteal cells (large and small cells that originate from both granulosa and theca cells), while the non-steroidogenic cells are composed of fibroblasts, endothelial cells, and macrophage (13, 14). Although luteal functions have been evaluated in many studies (15, 16), many specific regulatory factors related to luteal vascularization need future studies, especially in buffalos. The size of the CL at the mid-luteal phase of the estrous cycle ranged from 1 to 2 cm compared to that at pregnancy which ranged from 2 to 2.5 cm (17). Generally, the CL in buffalo is smaller compared to that in cattle (18) and associated with lower progesterone levels, which in turn may affect embryonic mortality (19, 20) and adversely impact the maintenance of pregnancy (21, 22). Some studies have reported that the adequate development of the CL in association with progesterone levels (P4) is needed to prevent embryonic mortality (23); in addition, pregnant buffalos reported a greater diameter of CL linked to a marked linear increase in plasma P4 levels that positively affects the luteal vascularity (LV) (24). Another study has reported a higher average timed velocity (TAV cm/sec) of the luteal artery in pregnant buffalos compared to non-pregnant buffalos (25). Moreover, lower pregnancy rates are observed with lower CL vascularization after 5 days of mating (26). The luteal and early normal pregnancy phases are associated with marked changes in the cardiovascular hemodynamic system, such as elevated blood flow volume and decreased Doppler indices, especially vascular resistance index (27, 28), as all these changes are followed by increased levels of nitric oxide (NO) and its metabolites (NOMs) in the form of nitrite and nitrate, which lead to the improved response of smooth muscle on NO reaction (29). Little is known about the histological structure of CL, using the Doppler technique that is based on the anatomical determination of the luteal artery, as well as characterization of each luteal stage in normal luteal and pregnant phases in Egyptian domestic buffalo. Therefore, this current study aimed to compare the complete growth and development of CL in domestic buffalos from day 5 until day 40 after ovulation either in pregnant or non-pregnant buffalo, and whether luteal vascularity (LV) with progesterone (P4) and nitric oxide (NO) could determine luteal functionality or not.



Materials and methods


Ethical approval

All experiments were performed according to the Veterinary Animal Care and Use Committee of the Faculty of Veterinary Medicine, Cairo University (Approval number Vet CU12/10/2021/363).



Animal housing and management

For the study, cyclic pluriparous (n = 18) Egyptian domestic buffalos (Bubalus bubalis aged 8–11 years, 3.5 ± 0.5 body condition score, 490 ± 30 kg) kept on a large animal farm in the Faculty of Veterinary Medicine at Giza square (30.0276°N, 31.2101°E) were used. Animals were maintained in open yards. All females were fed a mixed ration that consisted of 60% forage and 40% concentrate, containing dry matter and crude protein. To determine the female cyclicity, all buffalos underwent weekly ultrasound examination (1 time/week for 3 successive weeks) to evaluate the ovarian functionality using EXAGO, rectal ultrasound device (France), as the device is equipped with a 6–12 MHz transrectal probe, before the start of examination procedures.



Time of synchronization and mating process

Synchronization was performed using the gonadotropin–prostaglandin–gonadotropin combination (GPG/ Ovsynch) protocol, which was previously conducted in cattle (30), and used in buffalo (31). The GPG program was started with the first intramuscular injection of GnRH (5 ml/animal; Receptal® 0.004 mg/ml, Msd Animal Health India) on day 0 followed by a single intramuscular injection of prostaglandin (PGF2α) per intramuscular injection (25 mg; Lutalyse®, Upjohn) on day 7 and a second GnRH was administered on day 9 as previously demonstrated in buffalos (31). All females underwent routine ultrasound assessment on day 11 after mating from the start of the GPG program and only those excited by a preovulatory follicle ≥1 cm (32) were used in the study (n = 18). All buffalos were examined randomly (n = 18); after that, nine buffalos were mated naturally 21 h after the second GnRH injection by an adult healthy bull aged from 9 to 10 years (n = 5) (33, 34). Mated buffalos were examined on day 25 for pregnancy after natural mating using the same ultrasound device at this day. Of nine females, only six became pregnant (GP I, Pregnant; n = 6), while the other three did not (n = 3); the second group were not mated and entered in the normal luteal phase after the ovulation process (GP II, Non-pregnant; n = 9). Furthermore, ultrasound assessments were done one-day post-mating to assure that all the animals underwent normal ovulation, which was confirmed by the disappearance of the largest follicle using B-mode ultrasound scanning (35, 36).



CL vascularization assessment

CL ultrasound assessment was conducted every day from day 5 after ovulation until day 40 using Doppler ultrasound portable device (ExaGO, rectal ultrasound device, France) performed with a 6–12 MHz transrectal probe with a device set as follows: velocity was automated at 25 cm/s, Doppler filter was 150 Hz, PRF was 3,500 kHz, and insonation angle was 40° (37). The procedure of CL examination was done once the ovary appeared on the ultrasound scanner and the image was frozen to measure the CL dimensions to estimate the CL area by equation [area = π*(a/2)*(b/2)], where a and b were the short and long axis of CL dimensions, respectively (26). To evaluate the CL blood flow perfusion, color Doppler mode was activated, and a sample window was placed on the CL tissue to show the colored area in blue (away from the probe) and red (toward probe) color maps, which were assessed by image analysis software program at different stages of the luteal phase and the first days of pregnancy (38).



CL Doppler parameter evaluations

Based on our anatomical determination of the luteal artery and at the level of clearly visualized CL, the spectral mode was activated to show the blood flow velocity of the luteal artery by the wave pattern that was presented only in the luteal artery, not on the luteal vein, as venous circulation assessment did not give any information due to the absence of spectral graph obtained from pulsed-wave Doppler mode (Figure 1). The spectral graph showed a Doppler measurements calculation automatically as resistance and pulsatility index (RI and PI), peak velocity point of contraction and end-diastolic point of relaxation (PSV and EDV cm/s), as well as time to perform maximum velocity (TAV cm/s; Figure 1). B-, color, and spectral modes videos (15 s duration /each) were saved and stored on the flash memory. If there was a cavity in the CL, the area of the CL was assessed by subtracting the cavity area from the whole CL area (39).


[image: Figure 1]
FIGURE 1
 Ultrasonogram revealed the mature corpus luteum (CL) with its spectral wave of both luteal artery (a) and luteal vein (b) blood flow velocities. N.B: Luteal artery waveform characterized by a complete cardiac cycle in from of peak systolic (PSV; cm/s) and end diastolic velocities (EDV; cm/s) with time average to make maximum velocity (TAV; cm/s), while the vein wave was characterized by absence of cardiac cycle without any spectral graph.




Blood sampling and hormonal assessment

Blood samples were obtained from the jugular vein of all buffalos from day 5 until day 40 following each Doppler examination. Plasma and serum samples were stored at −20 until hormone analysis. Progesterone (P4, EIA-1561) was analyzed using ELISA kits (DRG, Germany) by competitive assaying with inter and intra assays precisions of 9.96 and 5.4, respectively, and test sensitivity of 0.045 ng/ml. Serum samples were used in assaying the nitric oxide (NO) via its metabolites (NOMs; μmol/L) as previously examined in our laboratory (40, 41). The nitric oxide inter and intra assay coefficients were 1.17% and 1.09%.



Collection of tissue samples

Non-pregnant buffalo genitalia (ovaries bearing the CL) (n = 18) (n = 2 for vascular anatomical architecture and n = 16 for histological examination (n = 4 genitalia/each luteal stage) in addition to early pregnant buffalo genitalia (n = 3) were collected from great Cairo abattoirs within 3 months. The reproductive organs were transported on ice to the laboratory for examination within 15 min after exsanguinations. Stages of the estrous cycle were determined by macroscopic ovarian dating (color, consistency, size, vasculature of CL, and presence of follicles on the surface of the ovary) and then classified into early luteal [Stage I, (n = 4), 1–5 days] (Figure 2a) in which the CL appeared small, reddish, and soft; mid-luteal (stage II and stage III) in which the CL became large, brownish, and harder [Stage II, (n = 4), 6–10 days] (Figure 2b) and appeared fibrous, pale, and hard [Stage III, (n = 4), 11–16 days] (Figure 2c); and late luteal stage [Stage IV, (n = 4), 17–20 days] (Figure 2d). CL can be seen as fibrous, yellowish, and hard. While in pregnancy, CL became light reddish with enlargement of the uterine horn (Figure 2e). Additionally, this classification was also defined depending on Baithalu et al. (14).
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FIGURE 2
 Corpus luteum in the buffalo ovary at different luteal stages as (a) represented an early luteal (stage I, 1-5 days), (b) demonstrated a mid-luteal (stage II, 6-10 days), (c) showed a mid-luteal (stage III, 11–16 days), (d) showed a late luteal (stage IV, 17-20 days), and (e) demonstrated corpus luteum gravidities at early stage of pregnancy. N.B: 1, ovary and 2, corpus luteum.



Vascular anatomical architecture

Two specimens from non-pregnant genitalia were used to examine the vascular anatomical architecture for demonstrating the ovarian and luteal artery. Vessels were cannulated, flushed thoroughly with normal saline to remove any blood clots, and then injected with 60% gum milk latex emulsion colored red using ROTRING ink (42, 43). Then the specimens were kept in formalin 10% and 1% glycerine solution for 4 days before manual dissection. The photograph was taken by a digital camera and manipulated by Photoshop ccx64 version. After dissection, we found that the arterial supply of the buffalo ovary was the main ovarian artery, which trifurcated into ovarian, tubal, and uterine branches. The first one continued for a short distance craniolaterally and then divided into 3–4 twigs to enter the ovary from its attached border, the middle one was the luteal artery which was convoluted in its pathway until reached the ovary within the meso-ovarian ligament (Figure 3).


[image: Figure 3]
FIGURE 3
 Image revealed the main ovarian artery of the ovary. 1- ovary, 2- main ovarian artery, 3- ovarian branch of the main ovarian artery, 4- tubal branch of the main ovarian artery, 5- ovarian twigs of the ovarian branch, 6- luteal branch of the ovarian branch, and 7- mesoslphenix.




Histological examination

Samples of ovarian tissue containing CL from pregnant and non-pregnant buffalos were fixed in 10% neutral buffered formalin, dehydrated in ascending grades of ethanol, cleared in xylene, and finally embedded in paraffin wax. Paraffin sections (4–5 μm thick) were obtained and stained with hematoxylin and eosin, Crossman's trichrome stain, and periodic acid-Schiff (PAS) (44).




Statistical analysis

All data are presented as the mean ± SEM as all results are the first check for normality. An unpaired t-test was used for comparisons between the two groups at each time point. The statistical significance of progesterone and nitric oxide alterations, as well as luteal Doppler findings in both groups, was assessed by repeated-measures two-way analysis of variance (ANOVA) to study the effect of group, time, and their interaction. By this method, you can compare all 16 values (2*8) (interaction between the effect of group and time). All analyses were achieved by using SPSS software version 20. p < 0.05 indicates significant differences. Pearson's correlation coefficients between progesterone levels and CL Doppler parameters in all females (pregnant and non-pregnant) were calculated.




Results


Corpus luteum characterization in live animals and hormonal analysis

The luteal phase was divided into early (Figure 4), mid [stages II and III] (Figure 5), and late (Figure 6) stages in pregnant and non-pregnant animals. Moreover, this luteal classification was also confirmed by the progesterone levels at these stages.


[image: Figure 4]
FIGURE 4
 B-mode and colored ultrasonograms of a 9-year-old buffalos at the early luteal phase (stage I; from 1 to 5 days) as (A,B) images showed an early formed corpus luteum in non-pregnant female on day 5 in gray and color modes and (C,D) images showed an early formed corpus luteum in suspected pregnant one on day 5 in gray and color modes. CL, corpus luteum.



[image: Figure 5]
FIGURE 5
 B-mode and colored ultrasonograms of a 9-year-old buffalos at the mid luteal phase with two stages stage II; from 6 to 10 days and stage; III from 11 to 16 days, as (a,b) images showed the corpus luteum in non-pregnant female on day 10 in gray and color modes, (c,d) images showed the formed corpus luteum in suspected pregnant one on day 10 in gray and color modes, (e,f) images showed the corpus luteum in non-pregnant female on day 15 in gray and color modes, and (g,h) images showed the formed corpus luteum in suspected pregnant one on day 15 in gray and color modes. CL, corpus luteum.



[image: Figure 6]
FIGURE 6
 B-mode and colored ultrasonograms of 9-year-old buffalos at the late luteal in non-pregnant compared to pregnant one (Stage IV vs. Stage I suspected pregnant from 17 to 20 days). As (a,b) images showed the regressed corpus luteum on day 17 in gray and color modes and (c,d) images showed the more regressed corpus luteum on day 18 in gray and color modes compared to (e,f) images showed the corpus luteum in suspected pregnant females on day 18 in gray and color modes, and (g,h) images showed the corpus luteum in suspected pregnant females on day 20 in gray and color modes. CL, corpus luteum.



CL area (cm2) determination by B-mode ultrasonography

The CL area (cm2) in both groups showed an elevation beginning from day 5, and with each examination time point, there was an additional increase till day 15 after ovulation. Also, the CL area in non-pregnant buffalos showed a similar pattern but a non-significant decline was observed on days 20, 25, and 30, then the CL area was significantly (p < 0.05) elevated on days 35 and 40. The differences between the pregnant and non-pregnant groups reach a significant (p < 0.05) level from day 20 (1.87 ± 0.02 cm2) until day 40 (2.75 ± 1.85 cm2). The time and interaction between the time with the group showed a significant (p < 0.05) difference in the CL area (Figure 7).


[image: Figure 7]
FIGURE 7
 Area of the corpus luteum (CL area; cm2) presented in pregnant (Preg) and non-pregnant (Non-preg) buffalos from day 5 till day 40 after ovulation. Data are obtained as mean with standard error of mean. a, b Values are significantly different at P < 0.05 compared with day 5 in both groups, while cvalue is significantly different at P < 0.05 between two groups at the indicated same time point.




Luteal artery Doppler parameter evaluations

The luteal artery was the second division of the ovarian branch of the main ovarian artery and lodged within the meso-ovarian ligament (Figure 3). The spectral mode of the luteal artery was measured to determine both luteal Doppler indices that were expressed by RI and PI. Luteal PI in both groups showed a decrease beginning from day 5, and with each examination time point, there was an additional decrease till day 15. Also, the PI in non-pregnant buffalos showed a similar pattern with a maximum elevation on day 30. The differences between the pregnant and non-pregnant groups reach a significant (p < 0.05) level on day 20 (1.33 ± 0.01) and continue to be significant till day 40 (0.89 ± 0.01; Figure 8A). The interaction between time with the group had shown a significant (p < 0.05) difference in luteal PI, while the time did not show any significant difference.
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FIGURE 8
 Pulsatility index (PI; A), resistance index (RI; B) and luteal peak systolic velocity (PSV; cm/sec; C) values presented in pregnant (Preg) and non-pregnant (Non-preg) buffalos from day 5 till day 40 after ovulation. Data are obtained as mean with standard error of mean. a, b Values are significantly different at P < 0.05 compared with day 5 in both groups, while cvalue is significantly different at P < 0.05 between two groups at the indicated same time point.


Luteal RI in both groups showed a decrease beginning from day 5, and with each examination time point, there was an additional decrease. Also, in non-pregnant buffalos, the luteal RI showed a similar pattern with a maximum elevation on day 30. The differences between the pregnant and non-pregnant groups reach a significant (p < 0.05) reduction from day 25 (0.69 ± 0.01) until day 40 (0.48 ± 0.01) in the pregnant group compared to that in the non-pregnant group (Figure 8B). The time and interaction between the time with the group show a significant (p < 0.05) difference in luteal RI.

Finally, the spectral luteal PSV (cm/s) was elevated in both groups, but the elevation was significant (p < 0.05) from day 25 (15.88 ± 0.33) to day 40 (18.97 ± 0.74) in the pregnant group, while in the non-pregnant group, the PSV was elevated until day 15 (15.05 ± 0.85) after ovulation and then subsequently declined at days 20, 25, and 30, and then elevated at day 35 and day 40, as the time and interaction between time with the group showed a significant (p < 0.05) difference in luteal PSV (Figure 8C).



Progesterone and nitric oxide levels

Plasma progesterone levels in both groups showed an increase beginning from day 5, and with each examination time point, there was an additional increase. Plasma progesterone levels in pregnant females were elevated (p < 0.05) from day 20 (1.34 ± 0.01) until day 40 (2.21 ± 0.01), while those in non-pregnant females significantly decreased at days 25 and 30 (0.23 ± 0.01 and 0.21 ± 0.02) (Figure 9A). The time and interaction between time with the group showed a significant (p < 0.05) difference in progesterone level. Serum NOM levels in both groups increased from day 5 till day 15. In the pregnant group, NOM levels were elevated significantly (p < 0.05) from day 20 to day 40 compared to the non-pregnant group (Figure 9B), in addition, the time and interaction between time with both groups showed a significant (p < 0.05) difference in NOM. A positive correlation (p < 0.01) was observed for both pregnant and non-pregnant buffalos between plasma levels of P4 and CL PSV (cm/s), while there was a negative correlation (p < 0.01) between P4 levels and both Doppler indices (RI and PI).


[image: Figure 9]
FIGURE 9
 Plasma progesterone (P4; ng/mL; A), and serum nitric oxdie metabolites (NOMs; μmol/L; B) levels presented in pregnant (Preg) and non-pregnant (Non-preg) buffalos from day 5 till day 40 after ovulation. Data are obtained as mean with standard error of mean. a, b Values are significantly different at P < 0.05 compared with day 5 in both groups, while c value is significantly different at P < 0.05 between two groups at the indicated same time point.





Uterine blood flow in live animals

Both blue and red colored area/pixels were seen to be significant (p < 0.05) elevated from day 20 (764.12 ± 4.21 and 644.21 ± 2.51) till day 40 (948.12 ± 12.42 and 766.32 ± 3.55) in pregnant females compared to non-pregnant females as shown in Figure 10. There was no time and group interaction in the red and blue uterine blood flow.
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FIGURE 10
 Uterine blood flow area expressed by blue and red colored area/pixels presented in pregnant (Preg) and non-pregnant (Non-preg) buffalos from day 5 till day 40 after ovulation. Data are obtained as mean with standard error of mean. a, b Values are significantly different at P < 0.05 compared with day 5 in both groups, while c value is significantly different at P < 0.05 between two groups at the indicated same time point.




Histological investigation

CL of non-pregnant buffalos demonstrated different stages of activity. In the early luteal stage (Stage I), the CL was covered by a fibrous connective tissue capsule, which formed septae that divided the CL into lobules. In this stage, both the capsule and septae appeared highly vascularized with many dilated and engorged blood vessels (Figure 11A). Some lutein cells were large, ovoid, or polyhedral in shape with large spherical vesicular eccentrically situated nuclei and prominent nucleoli [large lutein cells (LLCs)], while others were small and irregular in shape with eccentrically spherical lightly stained nuclei [small granulosa lutein cells (SLCs)]. LLCs possessed more cytoplasmic: nuclear ratio and lipid droplets than that of SLCs. The LLCs occupied a more central portion of CL in a close association with blood capillaries, while SLCs occupied the periphery portion and were distributed among the large ones (Figure 11B). The mid-luteal stage (stage II) was similar to stage I, except for the presence of numerous fibroblast cells and a high number of vacuolated cells with large vacuoles and an increasing number of lutein cells (Figures 11C,D). Moreover, most cells appeared in close association with engorged blood capillaries (Figure 11E). The mid-luteal (Stage III) was characterized by the presence of a high amount of collagen fibers in the capsule surrounding CL, septae, and interstitial tissue in addition to increasing the thickness of the blood vessels enclosed in both capsule and septae (Figures 11F,G). Furthermore, some luteal cells appeared to be generated with shrunken condensed nuclei, while others showed the apocrine mode of secretion. In this mode of secretion, the remaining part of the cells appeared with deep acidophilic cytoplasm and condensed nucleus. Moreover, LLCs appeared with abundant large vacuoles distributed among numerous fibroblast cells. These vacuoles were represented by narrow strands in some cells (Figures 11G,H). Conversely, the late luteal stage (Stage IV) was characterized by a substantial increase in the amount of fibrous CT mainly collagen, thickening of the CT capsule, CT septae, and blood vessels (Figure 11I) in addition to regressed capillaries and arterioles like remnants with an onion-skin arrangement of surrounding myofibroblast and heavily condensed and rounded endothelial cells (Figure 11J). Furthermore, most luteal cells appeared shrunken, degenerated, and highly vacuolated with small, condensed spherical or oval peripherally situated nuclei (Figure 11K). Additionally, the CL of pregnant buffalos revealed the same structure of CL at stage II with abundant LLCs surrounded by highly vascularized connective tissue capsules (Figure 11L).
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FIGURE 11
 Photomicrograph showing the histological structure of corpus luteum (CL) during oestrus cycle and pregnancy. (A,B) Demonstrating early luteal stage (Stage I). (A) The CL is covered by a highly vascularized connective tissue capsule and septa. The blood vessels are dilated and engorged with blood (arrow) (Crossman's trichrome stain, x100). (B) Large lutein cells (LLCs) are ovoid, or polyhedral in shape with large spherical vesicular eccentrically situated nuclei and prominent nucleoli (yellow arrow) while small lutein cells are irregular in shape with eccentrical spherical lightly stained nuclei (SLCs) (black arrow). Furthermore, LLCs possessed more cytoplasmic: nuclear ratio and lipid droplets than that of SLCs (Crossman's trichrome stain, x400). (C,E) Showing mid luteal stage (stage II). (C) Presence of numerous fibroblast cells (arrow) with increasing the size of LLCs (H & E, x400). (D) Revealing a high number of vacuolated lutein cells with large vacuoles (arrow) (Crossman's trichrome stain, x400). (E) Most lutein cells appear in a close association with engorged blood capillaries (arrow) (Crossman's trichrome stain, x400). (F,H) Revealing mid luteal stage (stage III). (F) Presence of a high amount of collagen fibers in the capsule surrounding CL and C.T. septae (black arrow) in addition to increasing the thickness of the blood vessels enclosed in both capsule and septae (yellow arrow) (Crossman's trichrome stain, x100). (G) Presence of a high amount of collagen fibers in the interstitial tissue (black arrow). Furthermore, LLCs appear with abundant large vacuoles which are represented by narrow strands in some cells (yellow arrow) (Crossman's trichrome stain, x400). (H) LLCs (yellow arrow) appear with abundant large vacuoles distributed among numerous fibroblast cells (black arrow) (H & E, x400). (I,K) Exhibiting late luteal stage (stage IV). (I) A substantial increase in the thickening of blood vessels enclosed within the C.T. capsule (arrow) (H & E, x400). (J) Showing regressed capillaries and arterioles like remnants with an onion-skin arrangement of surrounding myofibroblast (arrow) and heavily condensed and rounded endothelial cells (chevron) (PAS, x400). (K) Most lutein cells appear shrunken, degenerated, highly vacuolated with small, condensed spherical or oval peripherally situated nuclei (yellow arrow). Moreover, presence of regressed blood vessels (black arrow) (H & E, x400). (L) Showing CL of pregnant buffalos has the same structure of CL at stages I and II with abundant LLCs (yellow arrow) in close association with blood capillaries (black arrow) (H & E, x400). The yellow arrows indicate the prominent nuclei with some LLCs.





Discussion

The current study compares the complete growth and development of CL in domestic buffalos from day 5 until day 40 after ovulation. CL plays a critical role in the gestation maintenance and establishment in many species because of its ability to produce an adequate P4 level (10, 45), therefore, any decline of this mechanism could affect embryonic mortality as previously demonstrated in cows (46). This study shows a significant elevation in CL area from day 20 until day 40 in pregnant buffalos compared to non-pregnant buffalos with a marked elevation of plasma P4 levels in the same group, which could help determine the importance of adequate CL diameter and area to establish the first early stage of pregnancy (47). Additionally, some studies reported a higher CL area in early pregnant females compared to non-pregnant ones (25), but others did not show a significant difference between the two groups (48). Similarly, some studies reported an elevation in plasma P4 levels from day 7 to day 10 after mating in pregnant females (25, 47) as high P4 levels were responsible mainly for greater embryonic development (23). In addition, the P4 levels remained elevated in some studies until 6–8 months of pregnancy (49).

Increases in CL diameter and progesterone level were greater in pregnant than in non-pregnant buffalos, indicating the importance of adequate CL size for maintenance of pregnancy (47). Lesser plasma progesterone levels from day 10 to 20 after AI in buffalos were associated with the death of an embryo (22), demonstrating the pivotal role of CL for pregnancy stage development and maintenance. The variation in the serum P4 concentrations throughout the estrous cycle of non-pregnant and pregnant buffalos is primarily dependent on the blood flow, CL area, amount of steroidogenic tissue (number and size of luteal cells), and its capacity to synthesize progesterone (10), in addition to its lipid contents (50). The development, maintenance, and regression of CL involved remarkable morphological and functional changes during the estrous cycle (51–53). The current study showed that CL had steroidogenic cells involving LLCs and SLCs with morphological characteristics that were reported by Baithalu et al. (14) in buffalo and Ozen et al. (54) and Xavier et al. (55) in a cow. The presence of large lightly stained nuclei of LLCs throughout stages I, II, and III may indicate the activity and hypersecretory LLCs during these phases of the cycle and pregnancy, while luteal cells of Stage IV revealed small more dense nuclei, which is an indication of luteolysis. Furthermore, the presence of vacuolated cytoplasm of LLCs was caused by their lipid contents that vary throughout the estrous cycle and appear in a close association with the synthesis and secretion of progesterone. Kapoor et al. (50) demonstrated that the variations in lipid distribution within the cyclic and regressed CL were inversely associated with the activity of the 3β-hydroxysteroid dehydrogenase enzyme involved in the synthesis of steroid hormones. Our results exhibited lutein cells of stage IV with highly vacuolated cytoplasm. Increasing accumulation of lipids in the regressed luteal cells with a significant decline in production of P4 hormone might be due to degenerated smooth endoplasmic reticulum resulting in absence of 3β-HSD in addition to degenerated mitochondria containing P450 side-chain cleavage (50, 56). Both 3β-HSD and P450 side-chain cleavage were involved in the biosynthesis of progesterone (50). Additionally, during the estrus cycle, the luteal cell population and the size of luteal cells increased and then regressed at stage IV. These results were consistent with references (14, 57, 58). Therefore, these findings reflect the variation in the serum P4 concentrations throughout the estrous cycle of non-pregnant and pregnant buffalos.

Hence, the present study was designed to study the cellular composition of the mature buffalo CL with its functional characterization in relation to progesterone secretory ability and nitric oxide during the normal luteal and pregnancy phases. In the normal luteal phase the level of NOMs was critical as it was related to the luteal vascularization and functionality (59), as after ovulation nitric oxide affects oocyte activation by regulating the calcium channel during the process of fertilization (60), while in the normal early pregnant stage, nitric oxide contributes to the elevation of maternal blood and reduction of blood pressure (61). Moreover, nitric oxide was extremely important in the embryo's multiple divisions (62) as some studies showed that embryonic growth was delayed due to the presence of inhibitory mediators in the blastocyst stage that adversely affects nitric oxide levels (63). Besides nitric oxide, some mediators have been concerned with this phenomenon, such as estradiol and prostacyclin (64).

The elevation in uterine blood flow that was expressed by red and blue colored areas in the pregnant group compared to non-pregnant buffalos could be associated with the buffalo maternal pregnancy recognition that began once the early embryo moved in the fallopian tube and then entered the uterus after 5–6 days post-mating, as the uterine vascularization is included in the implantation procedures expressed by the growth and development of new blood vessels (65, 66). Furthermore, increased serum levels of NOMs in early pregnancy were very important in the vasodilator mechanisms as nitric oxide is shared in the blood pressure regulations and coronary artery vasomotion, therefore any abnormalities in nitric oxide and its metabolites levels could adversely affect pregnancy (67) in form of hypertension and angiogenesis problems (68).

Besides progesterone's important function, CL functionality could also be assessed by luteal vascularization (36). In this study, the CL vascularization was determined using both Doppler indices and PSV (cm/s), as both Doppler indices decreased in pregnant females compared to those in non-pregnant females, while the luteal artery PSV was elevated in the same pregnant group, this could be explained by the inverse relationship between both Doppler indices and Doppler velocities with time average point (TAV) as previously reported in other studies (69–72), in addition, an inverse relationship was observed between blood flow rate and Doppler indices especially PI (73–75). In accordance with our finding, a study reported an increase in both peak and time average velocities (PSV and TAV cm/s) on day 7 after time artificial insemination in pregnant cows (76), as the determination of luteal blood flow total area with Doppler velocities could increase the accuracy of pregnancy prediction (26). Consistent with our Doppler measurements, cyclic CL (stage I, II, and III) and CL of pregnancy were characterized by high vascularization, and most lutein cells were adjacent to engorged blood capillaries that were in harmony with Xavier et al. (55) in the pregnant cow. These results might be due to the high metabolic demand for CL. Moreover, the growth and maintenance of CL and its adequate endocrine function were mainly associated with increasing luteal vascularization and angiogenesis (77, 78). Many studies found a similar positive correlation between CL vascularization in its blood flow and plasma P4 levels after ovulation (79). However, during luteal regression, all lutein cells decreased in their number and shrunk until they disappeared, leaving arteriole-like remnants of blood vessels with an onion-skin arrangement of surrounding myofibroblast and heavily condensed and rounded endothelial cells with dense connective tissue in the residual CL. This finding was in accordance with observations reported by Augustin et al. (80). Increasing thickness of the CT capsule, CT septae, and blood vessels led to reduced blood flow, which in turn resulted in decreased progesterone secretion as observed in the current study.

Moreover, this study revealed the presence of non-steroidogenic cells, mainly fibroblast and endothelial cells. In stages III and IV, the number of fibroblasts notably increased, which was consistent with the results of Baithalu et al. (14) as the fibroblasts were responsible for the synthesis of connective tissue fibers and extracellular matrix (81), and collagen fibers were required to alternate the degenerated and regressed luteal cells. Baithalu et al. (14) reported that, during the late luteal stage, the greater number of macrophages and fibroblasts could serve as a cellular marker of luteal regression. Furthermore, our results revealed a high rate of deposition of collagen fibers in stages III and IV which comes in accordance with Jaglan et al. (53), who observed changes in the collagen concentration with the development and regression of cyclic buffalo CL during the estrous cycle. Iwahashi et al. (82) showed that alterations in the synthesis and distribution of collagen played a primary role in determining the CL structure and function.



Conclusion

The histological structure of CL and assessment of its hemodynamics depending on anatomical identifications could be used extensively to get useful data about CL functional status in both luteal and early pregnant phases. Finally, the evaluation of the luteal artery could be extremely helpful as the artery showed a wave pattern to determine the potential benefits of colored and pulsed Doppler in CL vascularization assessment.
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This case documents a previously undescribed presentation of Helicobacter spp. gastritis. An 8-year-old female spayed golden retriever with chronic vomiting was found to have a cluster of multiple, round, well-defined, hypoechoic foci of varying sizes surrounded by gas within the lumen of the stomach on ultrasonographic examination. Further endoscopic examination revealed multiple raised mass-like lesions in the fundus on endoscopic examination. Histopathological findings were consistent with Helicobacter spp. infection. The dog was treated with both amoxicillin 400 mg and clarithromycin 180 mg BID for 21 days and omeprazole 20 mg SID for 34 days. After the treatment, the vomiting and fundic lesions were resolved on ultrasonographic examination. This case represents a novel gross morphologic presentation for Helicobacter spp. gastritis that responded to appropriate therapy and highlights how early intervention with advanced imaging can aid in diagnosis and treatment.
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Background

Helicobacter spp. have long been known to be associated with canine gastritis, although the exact causes are not described. On pathological survey, Helicobacter spp., or non-Helicobacter pylori Helicobacter species (NHPHs), have been identified in the cardia, fundus, body, and pylorus of infected dogs (1). Infected canines have been described to be asymptomatic or exhibit clinical signs, such as vomiting and diarrhea (2). Unlike in humans, infection by NHPHs in canines rarely causes ulcerative lesions; more often, they are present in or on the gastric mucosa with no associated pathology, and, in some cases, are associated with lymphoplasmacytic gastritis (1, 3). Previous descriptions of NHPHs gastric infections in dogs have shown no gross lesions or tissue inflammation (2). Histologically, Helicobacter spp. infections are described to be associated with lymphoplasmacytic infiltrates, inflammatory infiltrates, and degeneration of the gastric crypts (1, 3). Diagnosis of NHPHs infections has primarily been made through mucosal biopsies of multiple regions of the stomach, which are submitted for tests, such as rapid urease test, histopathology, or PCR (3). Non-invasive techniques for diagnosis have proven to be limited in canines as the number of Helicobacter species canines host makes serology challenging, while urea breath and blood tests are most helpful following antimicrobial therapy as they demonstrate eradication of the Helicobacter spp. colonies (3). Empiric treatments for NHPHs-associated gastritis in dogs include amoxicillin, metronidazole, and an optional gastroprotectant with a good prognosis (3, 4). This report aims to describe a novel gross mass-like lesion presentation of Helicobacter spp. gastritis in a canine on ultrasonographical and endoscopic examination, yet, had typical clinical signs, histopathologic appearance, and response to therapy for NHPHs-associated gastritis.



Case report

An 8-year-old spayed female Golden Retriever was presented to the Virginia-Maryland College of Veterinary Medicine (VMCVM) community practice for intermittent vomiting for 1-month duration. The owner reported that the dog had similar bouts of vomiting approximately 5 months earlier.

On presentation, the patient was in good condition and vital parameters were normal. No abnormalities were found on the physical exam with no pain or other abnormalities on abdominal palpation. Blood was sampled for hematology, biochemistry, thyroid hormone, and serum cortisol to help rule out multiple differentials for chronic vomiting in a dog, such as hypoadrenocorticism, hepatic disease, inflammatory bowel disease, neoplasia, and hyperthyroidism. Hematology revealed a mild microcytosis (58.2 fl) and hypochromia (20.1 pg). Serum biochemistry showed a mild increase in ALT (91 U/L). Serum cortisol (1.01 μg/dl) and thyroid hormone (21.8 nmol/L) were within the reference intervals. Radiographs revealed a focal soft tissue opacity that appeared to fill most of the gastric fundus not identified on lateral views. Other abdominal contents were found to be normal. Transabdominal ultrasonography revealed a cluster of multiple, round, well-defined, hypoechoic foci of varying sizes (~0.7–1.8 cm) surrounded by gas within the lumen toward the fundus of the stomach (Figure 1). These foci were not associated with the wall along the greater curvature. Other abdominal structures were found to be normal.


[image: Figure 1]
FIGURE 1
 Ultrasonography of the stomach. The hypoechoic masses (arrowheads) protruding toward the lumen of the stomach are less echogenic than stomach contents (asterisk).


Endoscopy revealed several areas of thickening (1 cm) noted in the area of the fundus (Figure 2). These lesions grossly appeared to be involving the stomach wall and not intraluminal. Cup biopsy forceps were used to take multiple samples of the most prominent area of abnormality in two separate areas. Yellow-white fluid was noted from the biopsy sites in addition to blood. Espophageal endoscopy revealed normal structures. Histopathologic examination showed large lymphocytic aggregates in 3 out of the 4 samples. All four samples had a mild multifocal inflammation of lymphocytes, plasma cells, and eosinophils with few Helicobacter-like organisms (HLO) on the epithelial surface (Figure 3). Histologic diagnosis was lymphocytic-plasmacytic gastritis with Helicobacter spp. Further workup on isolating and specifying the Helicobacter species was not performed.


[image: Figure 2]
FIGURE 2
 Endoscopy of the fundic region of the stomach. Gross thickened areas (arrowheads) appear to be from the stomach wall and do not involve the gastric lumen.



[image: Figure 3]
FIGURE 3
 Histopathology of fundic cup biopsies. Stomach with lymphoplasmacytic gastritis, 10x magnification, scale bar: 100 μm. Inset shows spiral bacteria (Helicobacter spp.) (arrowheads) in surface mucus of stomach, 60x magnification, scale bar: 15 μm.


Based on the diagnostic findings, the patient was prescribed amoxicillin 400 mg BID for 21 days, clarithromycin 180 mg BID for 21 days, omeprazole 20 mg SID for 34 days, and Purina FortiFlora®, and Royal Canin® GI diet.

Nine days after the onset of medications, on follow-up telephone communications, the owner reported that the patient's vomiting had greatly decreased with only two instances of vomiting at home. Twenty-seven days after the onset of medications, the patient was re-evaluated at the community practice. The owner reported that the dog was doing very well at home with only one instance of vomiting. No abnormalities were found on the recheck physical examination. Transabdominal ultrasonography revealed that the previously described hypoechoic foci within the fundic lumen were no longer present, indicating that the gastric lesion was resolved (Figure 4).


[image: Figure 4]
FIGURE 4
 Ultrasonography of the stomach 27 days after starting antimicrobial therapy. Previously described fundic lesions appear to no longer be present in the stomach wall (arrowheads).


The patient lived for another 2 years before dying of unrelated causes. At that time, the owner did not report any recurrence of the clinical signs.



Discussion

In this case, the dog had multifocally raised mass-like nodules associated with Helicobacter spp. gastritis, which has not been previously documented in a canine. The mechanisms by which NHPHs were able to form raised lesions in this canine are unknown, but a potential theory that the authors have hypothesized would be through the formation of a biofilm. Helicobacter biofilm formation has been described in vitro and is suspected to play a role in human cases of chronic Helicobacter pylori gastritis (5). In human studies, Helicobacter pylori infection and growth consistent with biofilm formation have been found in gastric glands (5). Such a mechanism would account for the focal gross appearance of the current case. Helicobacter biofilms associated with chronic gastritis have been minimally described in veterinary species and warrant further investigation.

In human patients, nodular lesions associated with Helicobacter pylori have been described as a precursor to gastric neoplasia (6). However, progression to neoplasia can be avoided when timely Helicobacter pylori therapy is applied (6). In canines, Helicobacter spp. are often found in conjunction with gastric neoplasia (7). However, the infection has not been previously associated with nodular neoplastic precursors, and its role, if any, in the pathogenesis of gastric neoplasia in canines remains undiscovered (7, 8).

In this case, exact speciation of the NHPHs was not performed nor was a rapid urease test performed. Helicobacter species commonly isolated from canine gastric mucosa, include H. felis, H. bizzozeronii, H. salomonis, H. bilis, H. heilmannii, and Flexispira rappini, a closely related spirochete (3). Current knowledge of these species is that they behave similarly and cause similar lesions and clinical signs. Bacterial culture and PCR testing were not performed in this case as collecting the samples would have added another invasive procedure for this patient and was not deemed clinically necessary by the authors. Helicobacter spp. infections can be reliably diagnosed based on histologic appearance with the observation of the presence of the organism (3).

Abdominal ultrasonography was pursued early in this case as other non-invasive diagnostic tests failed to rule in the authors' differentials. The lesions found on ultrasound moved neoplasia higher up in the list of differentials based on the patient's signalment and lack of other findings. Endoscopy, with the intent to collect a biopsy sample for histopathology, followed suit, with the type of gross lesion in the present case being consistent with gastric adenocarcinoma, leiomyoma, leiomyosarcoma, and extramedullary plasmacytoma among others (8). Many of these differentials carry a poor-to-guarded long-term prognosis and may require surgical intervention (8). When the histopathology results did not support a neoplastic etiology, instead supporting NHPHs-associated lymphocytic-plasmacytic gastritis as the diagnosis, the authors pursued medical management as it was less invasive than performing another biopsy or surgical excision. Fortunately, the lesions showed resolution via ultrasonographical examination and clinical signs had resolved with the empirical treatment, so no further diagnostics nor interventions were clinically necessary. Even in the face of a gross nodular appearance, histopathology remains an important diagnostic tool for gastric lesions to determine the etiology and prognosis. In this case, histopathologic results showed lesions consistent with typical Helicobacter spp. gastritis and lacked findings associated with primary gastric neoplasia.

The potential limitation of this case is that endoscopy and endoscopic biopsy are not always readily available in the average general practice. Identifying the species of NHPHs involved may have bolstered the impact of this case for the betterment of understanding the role of Helicobacter spp. in canine gastritis; however, this was not proven clinically relevant in this patient.

There are still areas of discovery regarding NHPHs infections and canine gastritis. Based on the authors findings, Helicobacter spp. gastritis should remain on a differential list for canine patients experiencing chronic vomiting or those with mass-like gastric lesions on ultrasonographical or endoscopic examination and should not be ruled out by gross lesion appearance alone.
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Pulmonary thromboembolism (PTE) secondary to immune-mediated hemolytic anemia (IMHA) is rarely diagnosed in cats. In this report, a 3-year-old cat was referred to our private hospital with dyspnea, anorexia, and anemia. On the thoracic radiography, cardiac enlargement and pulmonary edema were noted. Echocardiography revealed right ventricular and right atrium enlargement with mild tricuspid regurgitation (tricuspid regurgitation velocity 3.28 m/s). A thrombus was recognized in the main pulmonary artery on the right parasternal short-axis view. Blood examination suggested regenerative anemia and autoagglutination. The findings suggested immune-mediated hemolytic anemia and PTE. Antithrombotic therapy (dalteparin) and immunosuppressive therapy (prednisolone) were administered under oxygen supplementation in the ICU cage. After treatment, regenerative anemia and right-heart failure were improved. During follow-up, the cat remained hemodynamically stable, and the owner reported no cardiac-related clinical signs. Further blood examination confirmed the anemia was improved. Prednisolone was discontinued on Day 56, and the cat continues in good health, administered only mycophenolate mofetil. The clinical outcome of PTE secondary to the IMHA throughout 100 days of periodical observation was reported.
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Introduction

Immune-mediated hemolytic anemia (IMHA) in cats is considered to occur less frequently than in dogs (1). Early reports suggested that IMHA is more likely to be secondary to underlying disease in cats. However, more recent studies suggest that the proportion of cats with primary IMHA is higher, similar to that reported in dogs (2–7). Clinically, as in dogs, IMHA causes rapid erythrocyte destruction by autoimmunity, resulting in mucosal pallor, jaundice, hemoglobinuria, and abdominal distention due to splenomegaly, which can be fatal if progressing rapidly (7). In canine IMHA, disseminated intravascular coagulation syndrome (DIC) and pulmonary thromboembolism (PTE) are the most common causes of death, and antithrombotic therapy has been stated to play a significant role in prognosis (8, 9). In cats, two cases of PTE secondary to IMHA were reported (10). However, the occurrence of thrombosis in the pulmonary artery and the necessity of antithrombotic therapy in the treatment protocol have not been clarified. In the present study, we diagnosed IMHA and secondary PTE in a 3-year-old cat with respiratory distress and visible mucosal pallor. The cat was treated for IMHA with prednisolone and mycophenolate mofetil, and with antithrombotic therapy. The case description, steps of diagnosis, the treatment strategy, and patient follow-ups for 100 days are reported here.



Case presentation

A 3-year-old spayed munchkin (Body weight 2.6 kg) was referred with the primary complaints of respiratory distress, loss of energy, loss of appetite, and visible mucosal pallor. She had already been treated with antibiotics at another hospital, and blood tests revealed anemia and auto-agglutination of the red blood cells. Haemoglobinuria was noted on urination, stool observations were unremarkable, with no evidence of melena or fresh blood. Body temperature on admission was 37.4°C, with a heart rate of 180 beats/min, and a respiratory rate of 60 breaths/min. The patient presented jaundiced on visible mucosa, light pigmentation of the nasal speculum, no enlarged peripheral lymph nodes, and a capillary refill time of <2 s. The cat showed a palpable femoral artery and a systolic apical murmur on the right chest wall. The patient had a subcutaneous hemorrhage at the site of blood sampling at another hospital. A complete blood count (CBC), blood coagulation tests, and hematology and biochemistry test was performed as part of a systemic screening examination (Table 1, day 0). Blood typing was performed in consideration of blood transfusion. To exclude the infectious causes of hemolytic anemia, testing for common hemolytic anemia inducing pathogens was also performed. Because of profound dyspnea, the thorax and abdomen were evaluated by X-rays and ultrasonography.


TABLE 1 Hematological and biochemical analysis in a cat with immune-mediated hemolytic anemia.

[image: Table 1]

Laboratory examination revealed severe regenerative anemia, increased white blood cell count, and decreased platelet count (ProCyte Dx Hematology Analyzer, IDEXX Laboratories, Japan). In addition, the auto-agglutination of red blood cells on the slide was observed (Figure 1). Blood chemistry tests showed elevated total bilirubin and phosphorus concentration (DRI-CHEM 7000V, Fujifilm, Japan). Blood coagulation tests are also shown in Table 1 (PT, APTT, Fib). The blood fibrinolytic system test revealed a normal D-dimer level (Fujifilm Monolith, reference value: 0–2.0 μg/ml). The blood type was determined to be type B. There was no evidence of infectious disease-causing hemolytic anemia: negative feline vector-borne pathogens (FeVBPs), feline leukemia virus antigen (FeLV), and feline immunodeficiency virus antibody (FIV) tests (IDEXX Laboratories, Japan). Also, the antiglobulin antibody (Coombs test, Fujifilm Monolith, Japan) and the anti-nuclear antibody test (IDEXX Laboratories, Japan) were negative. On thoracic and abdominal radiographs, the right lateral view showed the increased pulmonary opacity in the anterior lung lobes and the disappearance of the ventral waist of the cardiac shadow, suggesting right heart enlargement and pulmonary edema (Figure 2A). In the dorsoventral view, the interlobar fissure in the posterior lung lobe was clear, suggesting pleural effusion (Figure 2B). Abdominal radiography showed no significant alteration. Echocardiography revealed an enlarged right ventricle and right atrium with tricuspid regurgitation (TR flow 3.28 m/s) in the right parasternal long-axis view (Figures 3A,B). The right parasternal short-axis view showed flattening of the interventricular septum on B-mode images (Figure 3C). In the right parasternal short-axis view at the base of the heart, dilatation of the main pulmonary artery was observed (PA/Ao 1.1), and the pulmonary arterial flow velocity was 0.8 m/s with a shortened acceleration time to ejection time ratio (AT/ET 0.25). Hyperechoic structure, which was suspected thrombus, was observed in the pulmonary artery bifurcation (Figure 3D). Early diastolic mitral inflow (E wave) was 0.5 m/s. Right ventricular fractional area change (RV-FAC) was 18%, obtained by tracing the RV endocardial border at end-diastole and end-systole from the left parasternal long axis 4-chamber view. The right atrial area (RAA) was 2.75 cm2, measured by tracing from the lateral aspect of the tricuspid annulus to the septal aspect, excluding the area between the leaflets and annulus, following the RA endocardium at the end of the ventricular systole. A small amount of pleural effusion was observed, however, thoracentesis was not performed due to the low platelet count and bleeding tendency. There was no evidence of short-circuit disease or structural abnormality of the tricuspid valve. Abdominal ultrasonography showed a trace amount of ascites which was difficult to collect. There were no other significant findings, and no tumor lesions were observed.


[image: Figure 1]
FIGURE 1
 Results of in-saline slide agglutination test (SAT). Self-agglutination was positive.
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FIGURE 2
 Thoracic radiography at initial examination. (A) Right lateral view, (B) Dorsoventral view. The increased pulmonary opacity was observed in the bilateral anterior lobe of the lungs. VHS = 9.4 v and CTR = 81% indicated a clear cardiac enlargement.
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FIGURE 3
 Echocardiographic images before treatment of a cat diagnosed with IMHA and pulmonary thromboembolism. (A) Right parasternal long-axis view. Enlargement of the right atrium and right ventricle were found. There was no dysplasia of the tricuspid valve, patent ductus arteriosus, atrial septal defect, or ventricular septal defect. (B) Right parasternal long-axis view (Color Doppler imaging). Tricuspid regurgitation was recognized. (C) Right parasternal short-axis view (Apical level). The flattening of the interventricular septum was observed. (D) Right parasternal short-axis view (Basal level). A thrombus was found between the main pulmonary artery and the bifurcation of the right and left pulmonary arteries. RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; PA, pulmonary artery. Red arrows indicate a thrombus; white arrows indicate tricuspid regurgitation (TR).


In the present report, blood tests and imaging studies revealed no underlying disease, infection, or disease-causing regenerative anemia. The diagnosis of primary IMHA was made based on the presence of auto-agglutination as a sign of immune mediated destruction as well as the presence of jaundice and haemoglobinuria. These two signs suggesting the prescence of hemolysis. Our diagnosis also was confirmed as IMHA by the absence of another underlying cause for the anemia. Besides, observation of a structure in the pulmonary artery was thought to be a thrombus, potentially a complication of PTE. As the patient presented with severe anemia and respiratory distress, a CT scan was not performed. Instead, a blood transfusion and improvement of respiratory symptoms were prioritized.

The treatment protocol was initiated based on the previously published report including blood transfusion, diuretic, anticoagulant, immunosuppressant, antibiotic, and antiacid (4). The blood transfusion consisted of 40 ml of whole fresh blood, given to the recipient over 24 h to avoid rapid volume loading. Since the right ventricular volume increased after the transfusion, risking a worsening respiratory condition, furosemide 0.5 mg/kg IV (Lasix Injection, Nichi-Iko Co., Ltd., Japan) was administered at the beginning of the transfusion; the respiratory condition stabilized after a few minutes. Echocardiography and blood pressure were measured every 6 h in the first 48 h. Dalteparin sodium, a low molecular weight anticoagulant, 100 IU/kg TID SC (IV Fragmin, Kissei Pharmaceutical Company, Nagano, Japan) was administered for PTE; prednisolone 4 mg/kg/day SC (prednisolone injection solution, Kyoritsu Pharmaceutical Company, Tokyo, Japan) for IMHA treatment, and famotidine (antiacid) 1 mg/kg BID IV (Gaster, LTL Corporation, Tokyo, Japan) was administered to protect the digestive tract. Enrofloxacin 5 mg/kg SID SC (Baytril, Bayer Yakuhin, Ltd., Japan) was also administered to treat possible causes of feline infectious anemia. After the transfusion, on day two, the anemia improved. The respiratory condition was enhanced a little but respiratory frequency remained high, necessitating the administration of furosemide 0.5 mg/kg SC BID (Gaster, LTL Corporation, Tokyo, Japan). On day four, the respiratory condition was improved and the patient was able to feed independently with increased activity. During hospitalization, she continued to receive dalteparin sodium, prednisolone, famotidine, and enrofloxacin. On Day 14, as the respiratory symptoms had calmed down and anemia had not progressed, the patient was treated with prednisolone 4 mg/kg/day PO (prednisone 5 mg tablet, Shionogi, Japan); furosemide 0.5 mg/kg BID PO (Furosemide tablet 10 mg, Nipro K.K., Japan); lansoprazole 1 mg/kg BID PO (Lansoprazole, Daiko Pharmaceutical, Japan); rivaroxaban 1 mg/kg SID PO (Igzarelto tablets 10 mg, Bayer Yakuhin, Japan); leflunomide 2 mg/kg SID PO (Arava tablets 10 Sanofi K.K., Japan), and the patient was discharged from hospital. On Day 21, echocardiography showed a reversible reduction in the right ventricle and right atrium size, disappearance of the TR (Figures 4A,B), no flattening of the interventricular septum (Figure 4C), and improvement of RV-FAC (39.1%) and RAA (0.74 cm2). Besides, the thrombus in the pulmonary artery had disappeared and the patient's respiratory condition became stable (Figure 4D). At this moment, the dose of furosemide was reduced to 0.5 mg/kg SID. On Day 28, the visible mucosa showed a slightly jaundiced color. Blood chemistry tests showed elevated ALT, AST, ALP, GGT, and T-Bil. The cat's activity was decreased but no decrease in appetite was observed. There was no increase in serum amyloid A (<3.75) (DRI-CHEM IMMUNO AU10V, Fujifilm, Japan) or progression of anemia. Since leflunomide or the high-dose prednisolone was considered a cause of the liver disorder, leflunomide was withdrawn and mofetil mycophenolate 10 mg/kg BID (CellCept suspension spray 31.8%, Chugai, Japan) was additionally prescribed. The prednisolone was reduced to 3 mg/kg/day, and acetic acid ringer's solution (1 ml/kg/h) (Fuso Pharmaceutical Industries, Osaka, Japan) was administered under hospitalization. On Day 35, an improvement in bilirubin and liver enzymes was observed. On Day 44, further improvement of bilirubin and liver enzymes was observed. On Day 56, anemia was completely resolved, and the dose of prednisolone was reduced to 2 mg/kg/day. Further, the dose of prednisolone was decreased to 0.5 mg/kg every 2–4 weeks, and on Day 100, both prednisolone and reversaloxaban were withdrawn. At present, the cat is continuing her IMHA treatment solely with mycophenolate mofetil 10 mg/kg BID.
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FIGURE 4
 Echocardiographic images after treatment of a cat diagnosed with IMHA and pulmonary thromboembolism on Day 21. (A) Right parasternal long-axis view. There was no enlargement of the right atrium and right ventricle. (B) Right parasternal long-axis view (Color Doppler imaging), tricuspid valve regurgitation had disappeared. (C) Right parasternal short-axis view (Apical level). Right ventricular enlargement and flattening of the ventricular septum disappeared. (D) Right parasternal short-axis view (Basal level). A thrombus in the pulmonary artery had disappeared. RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; PA, pulmonary artery.




Discussion

The IMHA diagnostic criteria in the ACVIM consensus statement include the saline agglutination test (SAT) and the direct antiglobulin test (Coombs test). According to the ACVIM guidelines, biomarkers of immune destruction including flow cytometry are evaluated, and at least two of these must be present to make a definite diagnosis. The presence of one of the above and at least two haemolytic findings (when only one indication of immune mediated destruction is present) such as hyperbilirubinemia/hyperbilirubinuria, hemoglobinemia, hemoglobinuria, or erythrocyte ghosting with no abnormalities in the hepatobiliary system, can also support the diagnosis of IMHA (1). In this case, the diagnosis of IMHA was made presumptively based on the presence of jaundice, regenerative anemia, and hemoglobinuria, as well as the auto-agglutination of red blood cells. Since various diseases cause hemolytic anemia, it may be important to fulfill the diagnostic criteria, especially in cats, where the incidence of primary IMHA has historically been considered to be lower than in dogs. In dogs, thromboembolism has been reported to occur in association with the onset of IMHA, either by the activation of coagulation factors or by the formation of erythrocyte auto-aggregates (13, 14). There are, however, few reports on IMHA and thromboembolism in cats, and the incidence of thromboembolism is still unknown. In the present case, PTE secondary to IMHA was suspected in the patient presented with respiratory distress; echocardiography showed a thrombus in the right and left pulmonary artery branches, and right heart enlargement disappeared after several days of treatment with antithrombotic drugs. The sensitivity and specificity of D-dimer in the diagnosis of thrombosis in cats are lower than those in dogs (15, 16), and in this case, D-dimer was normal despite the presence of a thrombus in imaging studies. Therefore, a comprehensive diagnosis of thrombosis in cats, including imaging and blood tests, is necessary. If thrombosis is largely suspected from the results of imaging tests, it is worthwhile to start antithrombotic therapy if there is no bleeding tendency or findings that suggest blood loss. As treatment for PTE in this patient, low molecular weight heparin was administered subcutaneously on admission, as the patient was unable to take oral medication due to her worsening respiratory condition, and rivaroxaban was prescribed at the time of discharge from the hospital because of improved general condition. In addition, a diuretic was administered to reduce the right ventricular capacitance load, and the patient's respiratory condition improved to a good standard (17). It has been reported that a good course of treatment for PTE in dogs has been achieved by administering antithrombotic drugs and oxygen inhalation (16). As such, we decided to follow the same protocol by administering antithrombotic drugs under oxygen inhalation. In this case, factor Xa inhibitor, reversaloxaban, was the antithrombotic therapy of choice. Although there are fewer reports on the use of rivaroxaban for thrombosis in cats than clopidogrel and other drugs, we chose rivaroxaban as the patient was relatively small in stature; the smaller tablet size of rivaroxaban made it easier for the owner to administer the drug. However, the dosage of rivaroxaban for cats has not been clearly defined, and setting the dosage could be a significant challenge in the future (18). The PTE is a cause of pulmonary edema by inducing pulmonary hypertension (19). This may have been the case in our patient since her respiratory urgency was reduced in response to increased impermeability in the lung fields and diuretics on imaging examination. In such patients in poor general condition, diuretics may decrease blood pressure and lead to a potentially fatal situation; as such, it is recommended that diuretics be administered while measuring blood pressure and monitoring the right and left ventricular cavity size, and the left ventricular inflow tract waveform (E waveform) by echocardiography, to maintain hemodynamic status. The treatment of pulmonary edema could be effectively performed while preserving the patient's health. Pulmonary vasodilators were also considered in the current case but were not administered as they are not a fundamental treatment for addressing hypertension. For the treatment of IMHA in cats, we used prednisolone and leflunomide as immunosuppressive therapy. On Day 28 of treatment, leflunomide was withdrawn after a possible leflunomide-related adverse reaction was observed, i.e., elevated liver enzymes and bilirubin. The patient quickly improved, although ALP remained persistently elevated. Since there are few reports on adverse reactions to immunosuppressive drugs in cats (20), it is unclear whether leflunomide causes such adverse reactions specifically in cats or just in this case, but it should be used with caution. In addition, the possibility of hepatic injury due to prednisolone cannot be ruled out, and regular monitoring of liver enzyme levels is necessary when high-dose prednisolone is used. Since the cause of low creatinine, and low chloride also were unclear, these values also should be monitored. Although no serious adverse reactions have occurred with immunosuppressive therapy using mycophenolate mofetil, the lack of large-scale studies in cats suggests the need for further careful monitoring of these patients.

In the future, when long-term remission is achieved, mofetil mycophenolate will also be withdrawn.



Conclusion

We reported a case of primary IMHA complicated by PTE in a cat. Blood transfusion, immunosuppressive therapy, antithrombotic therapy, and diuretics are effective treatment strategies for patients with IMHA and PTE, but detailed hemodynamic monitoring, including echocardiography and blood pressure measurement, is necessary during the induction, due to significant hemodynamic changes.
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Assessing the postoperative surgical success of congenital extrahepatic portosystemic shunt (EHPSS) attenuation can be challenging and involve invasive imaging methods. Elastography is an ultrasound technique that allows qualitative and quantitative estimation of tissue stiffness and has extensively been used in people with liver disease. In recent years, increased interest in this technique has developed in veterinary medicine due to its non-invasive nature, availability, and low cost. The objective of this study was to compare liver stiffness values between dogs with closed EHPSS and those with multiple acquired portosystemic shunts (MAPSS) after gradual surgical attenuation and to assess whether shear wave elastography could be used to determine EHPSS closure. As a secondary objective, measurements obtained from both intercostal and subxiphoidal views were compared. Mean values for the average, median, and maximum two-dimensional shear wave velocities (2D SWV) for the closed EHPSS were 2.88 +/−0.11 m/s; 2.83 +/−0.11 m/s; and 3.75 +/−0.16 m/s, respectively. In the MAPSS dogs, mean values for the average, median, and maximum 2D SWV were 2.77 +/– 0.17 m/s; 2.71 +/– 0.17 m/s; and 3.66 +/−0.24 m/s, respectively. No significant differences in 2D SWV were present between dogs with closed EHPSS and those with MAPSS (P = 0.33; P = 0.33; P = 0.42, respectively). When assessing potential differences between intercostal and subxiphoidal 2D SWV measurements, no effect was observed for the average and median 2D SWV (P = 0.06; P = 0.07, respectively). Yet, a significant difference was identified for the maximum 2D SWV between intercostal 4.00 +/−0.20 m/s and subxiphoidal 3.41 +/−0.17 m/s measurements (P = 0.02). The relevance of this finding is uncertain as many other studies about liver elastography only report mean and not maximum values.
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 elastography, 2D SWE, liver, dog, portosystemic shunt


Introduction

Portosystemic shunts (PSS) are vascular anomalies that connect the portal vein to the systemic circulation, bypassing the hepatic sinusoids and the liver parenchyma (1). When blood bypasses the liver, trophic factors (particularly insulin and glucagon) are not available to encourage hepatic growth, resulting in poor hepatic development, and altered fat and protein metabolism, hepatic atrophy, and eventually liver failure (2, 3). Liver histology of dogs suffering from congenital PSS demonstrates many changes such as microscopic bile duct proliferation, hypoplasia of portal tributaries, arteriolar proliferation, and smooth muscle hypertrophy, with some dogs also showing evidence of fibrosis (4, 5). In one recent study, some degree of liver fibrosis was present in about 90% of dogs with congenital extrahepatic PSS (EHPSS), with some even categorized as an advanced stage of fibrosis (6). The degree of portal fibrosis has been suggested to increase with advanced age with a resolution of hepatic changes in dogs with closed EHPSSs (4). In the latter study, liver samples collected before and 8 to 272 days (median 48.5 days) after partial ligation of the shunting vessel were compared; however, confirmation of the surgical success of PSS closure was not described.

As shorter life expectancy is reported in dogs where PSS attenuation is not performed, it is important to try to gradually attenuate PSS without causing multiple acquired PSS (MAPSS) to develop (7–11). No ideal non-invasive test exists to discriminate between different surgical outcomes (closed PSS vs. shunt patency through the original PSS or development of MAPPS) (12–15). Computed tomography angiography (CTA), transsplenic portal scintigraphy (TSPS), splenoportovenography, and magnetic resonance imaging (MRI) are considered reliable techniques, but they are invasive, require anesthesia, hospitalization, are high in costs, and are associated with potential morbidity (16–18).

Sonoelastography evaluates the firmness of tissues through which differences between normal and pathological tissue could be made (19, 20). It is a convenient way to visualize, record, and report tissue stiffness parameters. There are four types of US-based elastography techniques available: strain elastography, transient elastography, point-shear wave elastography, and two-dimensional shear-wave elastography (2D SWE)(19, 21). Two-dimensional shear wave elastography uses the acoustic radiation force impulse (ARFI) technique to provide a quantitative assessment of tissue stiffness. The ARFI push generates a transverse (shear) wave that moves slowly in soft tissues and more rapidly in stiffer tissues. Consequently, 2D SWE provides information complementary to conventional ultrasound and is of particular interest due to its non-invasiveness, wide availability, and relatively low cost (21–23).

In human hepatic diseases, elastography has been used primarily to diagnose and monitor the degree of hepatic fibrosis to guide treatment decisions (20) but liver stiffness has also been linked to many other physiological and pathological conditions such as hepatic inflammation, obstructive cholestasis, hepatic congestion, acute toxic hepatitis, amyloidosis, lymphoma, and extramedullary hematopoiesis (20). In recent years, there have been numerous studies pertaining to liver elasticity in dogs and cats (23–31), but no studies describe such modality in dogs with PSS.

The objectives of this study were to compare liver 2D SWE measurements in dogs with successfully closed EHPSS and those with multiple acquired portosystemic shunts (MAPSS) after gradual EHPSS attenuation. Furthermore, the location of the ultrasound probe (intercostal vs. subxiphoidal) for taking the measurements as well as dog characteristics (sex, breed, body weight, and age both at time of surgery and at time of 2D SWE) were analyzed to determine the effect of these values on liver 2D SWE measurements. We hypothesized that patients with MAPPS would have increased tissue stiffness and therefore increased measured velocities. Additionally, we hypothesized that the location of the measurements and dog characteristics would not significantly influence the measured results.



Materials and methods


Animals

All procedures were approved by and conducted in accordance with the local ethical and deontological committee (EC 2018-77 and DWZ/ER/1.15/28).

Dogs that underwent gradual surgical treatment for congenital EHPSS in our institution (Faculty of Veterinary Medicine of Ghent University) between 2013 and 2018 were prospectively recruited. To be eligible, the dogs had to have the outcome of surgical attenuation of the EHPSS confirmed via TSPS and/or CTA minimally 3 months after the surgical procedure and had to have a postoperative follow-up period of at least 6 months. Signalment, sex, breed, body weight, and age both at the time of surgery and at the time of 2D SWE were recorded at the time of recruitment.



Measurement of two-dimensional shear wave elastography

Ultrasound examination was performed between July 2019 and January 2020 by a board-certified veterinary radiologist (E.S). In all the dogs, 2D SWE was performed without sedation using Philips ElastQ Imaging (ElastQ, software version 3.0.3, Philips, Brussels, Belgium) and a linear probe (Pure Wave eL18-4 ultra–broadband linear array transducer, Philips). In accordance with the guidelines for the clinical use of elastography of the liver in humans (20, 21, 32) and the published results in dogs (23, 25, 27, 29–31), the subxiphoidal and left lateral recumbency intercostal approach for acquiring the elastography measurements from the right liver lobe was used. The provided confidence map highlighted areas with optimal shear wave propagation for improved ROI (region of interest) placement. Within the confidence map, every pixel in the ROI is assigned a confidence value from 0 to 100 and a corresponding color between red and green. Low values (red) indicate that the stiffness value for a given pixel is less reliable. High values (green) indicate that the stiffness value for a given pixel is more reliable (Figure 1). The confidence threshold was set at 50%, as recommended by the manufacturer (Philips, Brussels, Belgium), meaning that regions with a confidence value of <50% were rendered transparent and not measurable. Measurements were recorded either in kPa (pressure) or m/s (velocity). For the consistency of measurements, the interquartile range (IQR)/median was set to be <30%. The IQR is the spread of 50% of the measurements around the median and thus the IQR/median is an effective way to assess the quality of the range of measurements (32). Using the visual control of the 2D B-mode image, an artifact-free image of the liver parenchyma was chosen for subsequent SWE measurements. A circular shape sample area within the ROI was set at 5 to 10 mm in diameter and excluded regions that were not color coded. The sample area was positioned in the parenchyma of the liver at least 10 mm deep to the liver capsule and at least 5 to 10 valid measurements were obtained, and the resultant mean 2D SWV was calculated and used as representatives. The scanner software calculates simultaneously the average, median, and maximal 2D SWV in m/s or kPa (Young's modulus). The measurements were recorded and used for further analysis.


[image: Figure 1]
FIGURE 1
 Representative two-dimensional shear wave elastography (2D SWE) image of the right lobe of the liver using the subxiphoidal approach for a speed mode in a dog with a closed extrahepatic portosystemic shunt. The green confidence map and the elastogram image are displayed concurrently over the B-mode image. A small circular shape sample area within the ROI is selected to produce the 2D SWE measurements.




Statistical analysis

Statistical analysis was performed with SAS (SAS V.9.4, SAS institute). Two-dimensional shear wave velocities were compared between dogs with closed EHPSS and those with MAPSS using a mixed model with the animal as random effect and outcome (closed EHPSS vs. MAPPS), and location (sub-xiphoidal vs. intercostal) and their interaction as categorical fixed effect factors.




Results


Study population

Fifteen dogs with closed EHPSS and 6 patients with MAPSS met the inclusion criteria. Out of the 21 patients from the initial cohort, one dog from the EHPSS group was excluded due to poor cooperation and inability to acquire good quality 2D SWE images.

Of the 20 dogs included in study, 1 was intact male, 6 were neutered male, and 13 were neutered female. The mean body weight at the time of elastography on the closed EHPSS group was 5.8 kg (+/−0.67), ranging from 2.2 to 9 kg. The mean body weight in dogs with MAPPS was 5.3 kg (+/-0.98), ranging from 2.8 to 9.2 kg. The mean age at the time of surgery in the closed EHPSS group was 31 months (+/−5,6), ranging from 4 to 72 months. The mean age at the time of surgery in the MAPSS group was 16 months (+/−5.2), ranging from 5 to 38 months. The mean age at the time of 2D SWE in the closed EHPSS group was 72 months (+/−7.5) and 62 months (+/−12) in the MAPPS group. The represented breeds were as follows: 3 Chihuahuas, 3 Maltese dogs, 3 Yorkshire Terriers, 2 Bichon Frise dogs, 2 cross breed dogs, 2 Dachshunds, 2 Miniature Schnauzers, and 1 German Spitz, Norwich Terrier, and Pug.



Comparison of two-dimensional shear wave elastography between closed EHPSS and MAPSS

Results of the study are provided in Table 1 and are illustrated in boxplot diagrams (Figures 2, 3).


TABLE 1 Mean two-dimensional shear wave velocity (2D SWV) of dogs with closed extrahepatic portosystemic shunts (EHPSS) and multiple acquired portosystemic shunts (MAPSS).

[image: Table 1]
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FIGURE 2
 Boxplot of two-dimensional shear wave velocities (2D SWV) depending on location and outcome, demonstrating similar means between the groups, except for maximum shear wave velocity (SWV).



[image: Figure 3]
FIGURE 3
 Boxplot of two-dimensional shear wave velocities (2D SWV) depending on location and outcome, demonstrating similar means between the groups.


No significant differences in 2D SWVs between dogs with closed EHPSS and those with MAPSS were identified (Table 1) regarding average, median, and maximum SWV (P = 0.33; P = 0.33; P = 0.42, respectively).

There was a significant difference between the maximum 2D SWV measurement of the intercostal (4.00 +/−0.20) and the subxiphoidal (3.41 +/−0.17) approach (P = 0.02). Regarding the average and median SWVs, the difference was not statistically significant (P = 0.06 and P = 0.07, respectively).

No significant effects on the average, median, and maximum SWV by sex (P = 0.18; P = 0.19; P = 0.21, respectively), body weight (P = 0.32; P = 0.35; P = 0,24, respectively), age at time of surgery (P = 0.53; P = 0.53; P = 0.45, respectively), or age at time of elastography (P = 0.42; P = 0.42; P = 0.59, respectively) were observed.




Discussion

The objective of the present study was to compare the long-term postoperative liver stiffness measurements in dogs that underwent gradual surgical attenuation of congenital EHPSS and had successful closure of the EHPSS and those that developed MAPSS. The goal was to determine if non-invasive 2D SWE could potentially predict the success of surgical attenuation. Despite the current literature (8, 10) contradicting the relevance of persistent subclinical postoperative shunting on the life quality of dogs, establishing the surgical outcome would help to better compare survival time, quality of life, and best surgical techniques between these dogs. Many retrospective studies analyzing the long-term clinical outcome of surgical shunt attenuation have presumed shunt closure with no actual post-operative imaging to support that (9, 33). Thus far, CTA has been used as a method for quantifying changes in liver volume and hepatic perfusion after surgery and found to be useful as a quantitative marker of shunt fraction postoperatively (34, 35). Similarly, TSPS can determine the surgical outcome (36, 37). Both imaging techniques allow shunt fractions to be calculated and assessed pre–and post-operatively. Nevertheless, both these modalities require anesthesia and are associated with radiation exposure; therefore, the potential of elastography was investigated in the light of many recent studies demonstrating its usefulness in animals (23, 26, 38, 39).

As portal fibrosis development along with other pathological histomorphological hepatic changes is suggested to be associated with prolonged shunt patency and MAPSS (4–6), it would be expected for MAPPS dogs to have increased liver stiffness which might be demonstrated with non-invasive 2D SWE (2, 33, 39). Tamura et al. in their recent study showed the correlation between liver stiffness and the clinical stage of hepatic fibrosis in dogs (23). However, their velocity measurements overlapped between healthy controls, necroinflammatory hepatic conditions, and those with clinically insignificant liver fibrosis stages, making it only possible to differentiate advanced stages of liver fibrosis.

The mean 2D SWV between dogs with closed EHPSS and those with MAPSS did not differ significantly in our study. Multiple studies detailing MAPPS formation following PSS attenuation have shown that there is a subset of dogs that have the potential for long-term survival and overall favorable clinical outcome (33, 40, 41). The similar results between our two groups might suggest that the persistent shunting via MAPPS does not cause sufficient liver fibrosis to alter liver stiffness measurements with 2D SWE significantly. The mean age at the time of 2D SWE in our dogs was similar in both groups (closed EHPSS 72 months vs. 62 months in MAPPS). The mean time from surgery to elastography between the two groups was also similar (closed EHPSS 40.0+/−4.3 months vs. MAPPS 39.6 +/−8.1 months). At the time of surgery, MAPPS dogs were younger in comparison to dogs in the closed EHPSS group (16 vs. 31 months). This could suggest earlier presentation due to more severe clinical signs consequent to the advanced disease process or due to the known association of clinical signs and age of presentation with different shunt morphology types (42). Unfortunately, we do not have comparative pre-operative 2D SWE measurements to corroborate if any dynamic changes between the pre–and post-operative elastography results were present. This would be an interesting area for future research. However, evaluating 2D SWV measurements later in life might be able to demonstrate differences in liver stiffness between these groups as aging itself has been considered a risk factor for the progression of fibrosis, at least in people. In people, it has been suggested that aging increases the susceptibility to liver fibrosis (43, 44).

Our measurements differ significantly from findings obtained in studies performed on healthy dogs (31, 45). In the study by Tamura et al., the mean SWV for the right lobe of the liver in healthy dogs was 1.51 m/s and in the study by Holdsworth et al., the interquartile range for values obtained from the liver at 0 to 2 cm of depth was 1.18 to 1.88 m/s. It is known that the data comparability between the different elastography technologies, system settings, and parameters will vary as many technical factors are not standardized. Several system factors, in particular, shear wave vibration frequency and bandwidth (20) between different commercial systems and equipment, make measurements comparison and data pooling from different studies difficult. Additionally, many other factors such as the examination procedure itself (use of anesthesia, fasting and resting, selection of ROI), breathing, and cardiac motion can cause variability in the measurements (25). An experiment on phantoms between different commercially available systems demonstrated the difference in measurements between machines and observers in the order of 12% (21). It would be interesting to compare the current results with measurements obtained from a control group of healthy dogs using the same ultrasound system.

Shear wave elastography measurements can be affected by body weight, sex, measurement approach, and depth of the measured organ, with normal canine liver, spleen, and kidney measurements being affected by these variables in one study (31). Our study did not see any significant influence of body weight, sex, or age on the liver stiffness results, but considering the congenital nature of the disease and the predilection for small breed dogs (3), our population was homogenous. Regarding the location of the measurements, a statistically significant difference in the subxiphoidal vs. intercostal approach was identified; however, this was only the case for the maximum velocity. In human medicine, the intercostal approach is recommended as the highest intra–and interobserver agreement was obtained through that approach (20). One veterinary study in healthy Beagle dogs also showed a difference in liver elastography measurements according to approach (46), whereas another study with healthy Beagles did not find any correlation (25). Comparison of the outcomes between different studies is hindered as explained before; furthermore, while our method of recording velocities differentiates average, median, and maximum results, it is often not specified how the mean elastographic velocities in other studies are derived.

Our study had some limitations. The sample size was small, especially for dogs with MAPSS, which may have decreased statistical power and led to type II error. Further studies with a larger number of dogs would allow us to possibly show differences between the two populations. This would most likely require a multi-institutional study design; however, as sonoelastographic technical aspects are ultrasound system specific, pooling and comparing data from different institutions would be unreliable. For data uniformity, it would have been better to implement the liver 2D SWE measurements at the same postoperative time point in all the dogs, especially as shunt recanalization 3 and 5 years postoperatively has been described (47) and as age is suggested to be associated with progression of liver fibrosis in people (44).

The severity of hepatic histologic lesions in dogs with congenital PSSs is believed to be related to the degree of shunting and may vary among liver lobes, especially in patients with intrahepatic shunts (3, 5, 48). Another study showed that hepatic lesions were mostly uniformly distributed in dogs suffering from congenital EHPSS (4); however, in three dogs with EHPSS, they found that the left lobes were slightly more affected than the right ones. As all our measurements were performed on the right liver lobe, it is still possible that these measurements are not fully representative of the entire liver parenchyma. Liver histology at the time of 2D SWE performance would have been interesting, as it would allow us to correlate the degree of fibrosis and other histological liver changes to the measured variables. Due to the invasive nature of obtaining a liver biopsy, this was not considered justifiable.



Conclusion

Real-time 2D SWE was unable to differentiate between dogs with closed EHPSS and those with MAPSS long-term after gradual attenuation of EHPSS. No previous studies have described the liver stiffness measurements in a population of dogs with hepatic vascular anomalies and our results could serve as a baseline and reference for future studies.
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Background: The intraventricular pressure difference (IVPD) and intraventricular pressure gradients (IVPG), estimated from color M-mode echocardiography (CMME) of the transmitral flow, have been introduced as novel indices for the evaluation of heart functions. Until now, no study demonstrated the feasibility of the CMME approach to measure IVPD and IVPG in any farm animals. The aim of this study was to assess the feasibility and repeatability of CMME-derived IVPD and IVPG variables in goats and explore the effect of sedation on the measured variables.

Materials and methods: Sixteen male Shiba goats were included in this study and underwent conventional echocardiography. Eight goats were used in the repeatability of IVPD/IVPG variables. Another eight goats were used to evaluate the effect of sedation by xylazine on IVPD/IVPG measurements. CMME between the base and the apex of the left ventricle was carried out. The IVPD and IVPG were analyzed using in-house code software. The IVPD and IVPG were expressed as total, basal, mid-to-apical, mid, and apical segments. Data analysis including the imaging quality score (IQS), repeatability, variability, intraclass correlation coefficient (ICC), as well as the effect size of sedation on the measured variables was calculated.

Results: IVPD and IVPG variables from CMME were feasible in all goats. Low to moderate variability of IVPD and IVPG variables was observed (CV 95% <25%) except for the apical IVPD and apical IVPG. The IVPD/IVPG measurements were repeatable without a significant effect of animal or time on the obtained measurements. The overall ICC was higher than 0.75 in all variables except for the apical segment. Xylazine administration reduced the total, basal, and mid parts of IVPD and IVPG with a large effect size (biserial ranked correlation; rc > 0.8).

Conclusion: We reported, for the first time, IVPD and IVPG measurements by CMME in goats. The assessment of IVPD and IVPG by CMME is feasible in goats which can be evaluated in further cardiovascular or pharmacological studies in this species.

KEYWORDS
 color M-mode echocardiography, intraventricular pressure, heart function, sedation, feasibility, goats


Introduction

Echocardiography is the most common cardiac function evaluation technique utilized in the clinical setting in both human and animal species because of its feasibility and noninvasiveness. The establishment of new echocardiographic techniques for the early detection of cardiac dysfunction is helpful for early interference and better patient outcomes (1). Currently, the assessment of diastolic function is thought to be an important issue for in-depth understanding and early detection of cardiac disorders (2, 3). The diastolic function of the left ventricle (LV) is affected by the heart rate, preload, myocardial relaxation, recoil, and untwist, as well as ventricular compliance and myocardial stiffness. Therefore, the evaluation of diastolic function using traditional echocardiography is somewhat challenging and a combination of various echocardiographic techniques is necessary to avoid the overestimation of the measurements (2–4). Cardiac catheterization is the basic method to diagnose diastolic dysfunction through pressure–volume (PV) analysis and interpretation of the pressure inside the LV, but the technique is invasive and difficult to use in serial studies when longitudinal observation of the same individuals is needed (5).

Recently, the benefit of spatiotemporal maps of the LV hemodynamics has been applied in the context of diastolic function assessment. The velocity pattern along the transmitral scanline can be efficiently evaluated from the analysis of color M-mode echocardiographic (CMME) recordings after processing of images (6, 7) depending principally on Euler's equation (8). By this method, the LV is divided into basal, mid, and apical parts. This segmentation allows for studying the normal stratification of the intraventricular pressure which is known as the intraventricular pressure difference (IVPD, the pressure difference between LV segments), and the intraventricular pressure gradients (IVPG, obtained when the IVPD is divided by the LV length) (9, 10). In early diastole, the negative pressure gradients created by the LV are necessary to restore the LV shape and have an important role in diastolic function evaluation. This pressure gradient comes from the interaction between convective, inertial, and viscous forces in the LV (11).

The IVPD variables derived from CMME have been well-correlated with the same indices measured by the invasive catheterization method (12). Therefore, CMME-derived indices can non-invasively evaluate heart function. Studies revealed that the IVPD and IVPG as novel echocardiographic indices could reflect the diastolic function changes that could differentiate subtypes of heart failure (13). In addition, CMME variables showed more advantages regarding repeatability and continuous data acquisition for better interpretation of the segmental pressure (14–16). To date, the utility of IVPD and IVPG is still under research consideration as a promising tool for the detection of cardiac dysfunction in animal models. Experimental studies revealed that IVPG/IVPD segments could determine the changes in heart function in response to loading states (16), chemotherapy-induced cardiomyopathy (1), LV ventricular hypertrophy (17) in addition to uremic and diabetic cardiomyopathies in animal models (18–20). Other clinical studies were explored IVPD/IVPG in healthy dogs and cats (21, 22), as well as in dogs with patent ductus arteriosus (7, 21, 22).

The anatomical segmentation of the LV in small ruminants was previously reported (23); however, the physiology of intraventricular blood flows in ruminants is still unclear. The assessment of IVPD and IVPG in goats may be important since goats are considered useful candidates in cardiology research because of reasonable heart size and blood flow dynamics (24, 25). They are also regarded as an intermediate model between small animals, large animals, and humans. Besides, goats as a ruminant species can efficiently reflect the physiological, pathological, and pharmacological aspects when used as a model for ruminants (26–29). To date, the evaluation of IVPD/IVPG via CMME in any farm animals is lacking. Therefore, this study aimed to evaluate the IVPD and IVPG in goats using CMME. We will describe the technical procedures, and repeatability of measurements, and evaluate the IVPD/IVPG changes after sedation. The results of this study would provide fundamental background on the usability of CMME for the assessment of IVPD/IVPG in goats to refine further cardiovascular research studies in goats or similar species.



Materials and methods


Animals

Sixteen male Shiba goats, 2 to 3 years old and weighing 30±5 kg, were enrolled in this study. Animals were kept in a special barn where they received alfalfa hay cubes as a basic diet, while water and mineral blocks were kept ad libitum. Detailed physical examination was performed, and the enrolled goats were considered healthy and free from any cardiac abnormalities based on the medical record, cardiac auscultation, routine electrocardiography, echocardiography, and standard hemato-biochemical profile. Two weeks before the study, neither medications nor vaccination was administered. Animals were acclimatized to the hospital to avoid stress-induced erroneous imaging. First, conventional and CMME were performed on eight goats for CMME repeatability. Second, we examined the effect of sedation on heart function through the evaluation of conventional echocardiography and CMME in another eight goats.



Conventional echocardiography

The echocardiography was carried out from the right and left sides, while goats were maintained on the lateral recumbency position. The right and left precordial areas were prepared with ultrasound gel after shaving. Animals were restrained on the echocardiographic table by two assistants and the forelegs were kept anteriorly. A ProSound Alpha 10 ultrasonography system (Hitachi Aloka Medical, Tokyo, Japan) supplied with a sector probe of 5 MHz was used. A lead II electrocardiogram was arranged and attached to the skin surface to measure the duration of echocardiographic variables. The average of the same echocardiographic variables was obtained from five different consecutive heart cycles by the same operator (A.S.M). The recorded measurements and image orientation were according to the veterinary echocardiography guidelines described by Boon (30).

First, each animal underwent conventional two-dimensional, M-mode, spectral Doppler, and tissue Doppler imaging (TDI) from the standard right and left parasternal views. The right transthoracic long axis four- and five-chamber views were observed. After that, the M-mode short-axis view at the papillary muscle level was viewed to trace the LV measurements which include LV end-diastolic and end-systolic diameters (LVIDd, LVIDs), diastolic and systolic interventricular septal thickness (IVSd, IVSs), diastolic and systolic LV free wall thickness (LVPWd, LVPWs), ejection fraction (EF), and fractional shortening (FS). Aortic root diameter (Ao) was measured at end-diastole and left atrial (LA) dimension was measured at end-systole from the right parasternal short-axis view at the level of heart base, and LA/Ao ratio was calculated. The right ventricular outflow tract (RVOT) was obtained through an assessment of the pulmonary artery using pulsed-wave Doppler echocardiography. The left transthoracic echocardiography was initiated from the left parasternal apical four-chamber view. Aortic blood flow was assessed from the left apical five-chamber view and the the left ventricular outflow tract (LVOT) and cardiac output (CO) were measured. Dual Doppler function of the mitral inflow and tissue Doppler imaging (TDI) was switched on for simultaneous assessment of mitral inflow and tissue Doppler velocity. Diastolic indices including early (E) and late (A) mitral inflow velocities, E/A ratio, and deceleration time were obtained by pulsed-wave Doppler echocardiography. The early and late diastolic myocardial velocities (e′, a′) were measured at both lateral and septal annuli using pulsed TDI. The ratio of early mitral inflow and early tissue velocity (E/e′), as well as annular tissue velocities (e′/a′), were calculated.



Color M-mode echocardiography

The apical four-chamber view was consistently optimized, which was used to capture CMME images for IVPD/IVPG calculation. First, the mitral inflow was visualized by two-dimensional echocardiography then the IVPG setting of the ultrasound machine was initiated (1). A sweep speed of 300 mm/s and a color baseline shift of −64 were maintained. The M-mode cursor was positioned along the streamline of the transmittal inflow and good quality imaging which showed perfect mitral inflow and mitral valve movement was saved for further analysis. The CMME and image analysis were performed by two observers, once by each observer at a one-day interval (A.S.M and T.Y). Images used in the analysis showed three consecutive heart cycles to ensure consistent mitral inflow and at least five images were saved for analysis by the software. Four images from consecutive heart cycles were selected from each animal to calculate IVPD and IVPG.



Assessment of the intraventricular pressure

After CMME image acquisition, the IVPD was calculated using in-house code written in MATLAB (The MathWorks, Natick, MA, USA). In each goat, by using the conventional echocardiography images and the displayed ECG, the time from aortic opening to aortic closure (aortic flow images) and the time from Q wave on ECG to the start of mitral valve opening as well as the time from Q wave to peak mitral inflow (mitral inflow images) were obtained and manually inserted into the software during each photo processing by MATLAB (7). Automatic and manual correction of the resulting curves using specific software codes was applied when required to enhance the quality of analysis. The IVPD of each corresponding part was calculated from the following Euler equation.

[image: image]

where ∂ is the change in element followed, P is the pressure, ρ is the constant blood density (1,060 kg/m3), v is the velocity, s is the position along with the color M-mode line, and t is the time. v, s, and t are obtained by MATLAB which is further used to measure the relative pressures within the region of interest (14, 20, 21). The Euler equation assuming laminar blood flow across the mitral valve and the ultrasound scanline is related to the inflow blood streamline and the IVPD and IVPG can be estimated by solving the equation (12).

Previously, Takahashi and colleagues (31) measure the IVPD and IVPG in young children after the modification of the method used in adult humans (32, 33). Later, the same method was used in dogs and cats (21, 22). We used the same method for IVPD and IVPG calculation. This method assumes the dividing of the LV into three segments (basal, mid, and apical) on the long axis, and the respective IVPD and IVPG were calculated. The data of IVPD obtained from CMME were previously validated against direct measurements using a micromanometer (12). For IVPG calculation, the same image used to assess the IVPD was used to measure the LV length on the long axis, from the level of mitral annulus to the LV apex. The IVPG was calculated by dividing the IVPD by the left ventricular length (34). As previously described (20), the LV was trisected into apical, mid, and basal parts. Mid-to-apical segments of IVPD/IVPG were calculated by adding the mid and apical segments. Both total IVPD and IVPG and their corresponding pressure at the anatomical position in the LV were calculated and expressed as basal IVPD and IVPG; mid IVPD and IVPG; mid-to-apical IVPD and IVPG; and apical IVPD and IVPG (mmHg).



Sedation of goats

The echocardiography was performed before and after xylazine administration (0.05 mg/kg BW/IM, xylazine hydrochloride, Fujita-Pharm, Japan). Echocardiography was started 10 min after the observation of the signs of xylazine sedation (35). The duration of ultrasonography ranged between 20 and 30 min and no other medication was used during the experiment.



Statistical analysis

The normality of the data was tested by the Shapiro–Wilk test. The repeatability of IVPD and IVPG variables was assessed by the analysis of variance using two-way ANOVA. Two factors (goat and time), as well as the interaction between goat and time, were considered. The coefficient of variation for each parameter was measured between randomly selected four consecutive cardiac cycles to assess the intraobserver variability and between observers (scans A and B). All measurements from the four heart cycles were pooled from each goat regardless of the examination time to determine the within-goat variability using one-way ANOVA considering only animals as a factor. Moreover, the intraclass correlation coefficient (ICC) was calculated for each variable. The reproducibility of the technique is acceptable when the ICC is equal to or higher than 0.75. Lastly, all images captured from CMME and after CMME image processing by MATLAB were blindly evaluated by another two observers to obtain the imaging quality score (IQS; from zero to five) which was further analyzed using Fisher's exact test. According to the degree of variability, the obtained measurements were classified as low variability (CV <15%), moderate variable (CV% 15–25%), and high variable (CV%> 25%) as previously described (16, 19). The confidence interval of the mean (95% CI) for each variable was calculated to determine the interval within the absolute value which had a 95% of probability being included. CMME variables were considered acceptable if both a non-significant result of the two-way ANOVA and low or moderate variability (95% CV <25%) were observed.

For comparison between normal and sedated goats, the Wilcoxon matched-pairs signed-rank test was calculated between measurements of baseline and after xylazine administration. Analyzed variables showing p < 0.05 were considered statistically significant. To quantify the strength of xylazine administration on echocardiographic data, the effect size estimator (Rank-Biserial Correlation, rc) for the Wilcoxon signed-rank test was calculated. Interpretation of the effect size was classified into small, medium, and large depending on cutoffs of 0.1, 0.4, and 0.6, respectively (36). Spearman's rank correlation (rs) was expressed as a whole value between measured conventional variables and CMME-derived measurements before and after xylazine injection. The ICC was evaluated by SPSS software version 26.0 (Chicago, IL, USA). The effect size was calculated using a free JASP software version 0.13 (JASP Team, Amsterdam, Netherlands). Other Statistical analyses and graphs were conducted using GraphPad Prism 8.4 (GraphPad Software, San Diego, CA).




Results


Conventional echocardiography

The echocardiographic data are presented in Table 1. A significant reduction in HR after sedation compared with the baseline was observed (P < 0.05); meanwhile, EF and FS did not show a significant difference. LA/AR, LVOT, and RVOT were slightly increased after xylazine administration. The mitral inflow measurements, as well as the TDI indices, were reduced after xylazine administration. Early (E) and late (A) mitral inflow velocities and deceleration time were significantly reduced, while the E/A ratio did not change. Septal annular wall velocity (a′) and lateral annular velocity (e′) were significantly reduced post-xylazine administration (P = 0.02, 0.03, respectively). The ratio of septal e′/a′ was significantly decreased after xylazine administration, while the lateral e′/a′ was reduced but not significant. The LV length was increased after xylazine treatment compared with the baseline (P = 0.008). The magnitude of echocardiographic measurements difference between the baseline and post-xylazine administration was clinically relevant and associated with a large effect size on HR, LVOT, E velocity, A velocity, deceleration time, a′ septal, e′/a′ septal, E/e′ septal, and e′ lateral (rc = 0.944, 0.833, 0.778, 1.0, 0.944, 0.833, 0.833, 0.722, 0.611), respectively.


TABLE 1 Conventional echocardiographic measurements before and after xylazine administration in male goats.
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Color M-mode echocardiography for the assessment of IVPD and IVPG
 
Feasibility of imaging and repeatability of CMME indices

The CMME was feasible in all examined goats (100%) (Figure 1). The estimated time to get the entire streamline of the left ventricular inflow from the left atrium to the LV apex across the mitral valve, excluding the MATLAB analysis, was 13 ± 5 min. The IQS of CMME images was done by the qualitative examination of echo- and MATLAB-derived photos. Examination of goats by CMME was excellent (12 goats, 75%) or very good (4 goats, 25%). The LV free wall was not entirely visualized in these four goats; however, the mitral inflow was optimized for CMME. On MATLAB analysis, all goats showed an excellent presentation of the IVPD curves. Overall, the average CMME imaging and software analysis scores obtained by the two observers were 4.2 ± 0.5 and 3.9 ± 0.7, respectively.


[image: Figure 1]
FIGURE 1
 Schematic illustration of color M-mode echocardiographic (CMME) in goats. The left apical four-chamber view was optimized to evaluate the mitral inflow (A). After that, the proper machine setting was started to initiate CMME. IVPG tracing was switched on to trace the entire left ventricular inflow tract from the LV base to the apex. Captured CMME images (B) were used for IVPD/IVPG measurements of the area of interest (mitral inflow, rectangular green box) using MATLAB software based on Euler's equation. Measurements of the time from q wave to the start of mitral inflow, from q wave to the peak mitral inflow, and from q wave to the end of aortic flow were separately added to the software's dialog box using ECG displayed on the ultrasound machine. Manual correction of the analysis was limited to noisy photos so that the measurement area matches the IVPD/IVPG position by the software. Temporal and spatial profiles of IVPD (C), and IVPD time distribution (D,E) were automatically calculated. MV, mitral valve; LV, left ventricle; LA, left atrium.


Table 2 summarizes the repeatability of CMME indices. The intraobserver variability of all CMME data displayed low to moderate variability considering different heart cycles (95% CV: 11.96–23.9) except for apical IVPD and apical IVPG which showed high variability (CV = 31.81, 29.5), respectively. Between observers, the data revealed low to moderate variability (95% CV range: 4.11–23.67). By two-way ANOVA, the goat factor, the time factor, as well as the goat X time interaction showed no significant effect on the obtained IVPD and IVPG measurements (Figures 2, 3). Within goats, there were no significant differences in all measurements. The average ICC for the obtained data was acceptable in all measurements (ICC > 0.75) except for apical IVPD and apical IVPG (ICC = 0.601, 0.698), respectively.


TABLE 2 Repeatability of color M-mode echocardiographic measurements in adult healthy male Shiba goats.
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FIGURE 2
 Variability of CMME-derived intraventricular pressure difference (IVPD). Variability was calculated within goats between heart cycles (four heart cycles were selected) and between time by two observers (scans A and B); n = 8.



[image: Figure 3]
FIGURE 3
 Variability of CMME-derived intraventricular pressure gradients (IVPG). Variability was calculated within goats between heart cycles and between time by two observers (scans A and B); n = 8.




Effect of sedation on IVPG and IVPD analysis

The time required to perform CMME, excluding the MATLAB analysis, was shorter after sedation (range: 8–14 min) compared with that at the baseline (range: 10–17 min). Regarding the IVPD (Figure 4), the data revealed a significant reduction in total IVPD (median: 3.28 vs. 2.29; P = 0.005), basal IVPD (median: 1.21 vs. 0.87; P = 0.023), mid-to-apical IVPD (median: 1.86 vs. 1.47; P = 0.008), and mid-IVPD (median: 1.29 vs. 0.98; P = 0.008) after xylazine administration compared with their values at the baseline. In the same way, significant reduction in total IVPG (median: 1.17 vs. 0.81; P = 0.016), basal IVPG (median: 0.45 vs. 0.33; P = 0.015), and mid-IVPG (median: 0.54 vs. 0.33; P = 0.008) was also observed post-xylazine administration (Figure 5). Meanwhile, apical IVPD, mid-to-apical IVPG, and apical IVPG showed no significant changes (P > 0.05). The difference between baseline and post-xylazine measurements was clinically relevant and associated with a large effect size on total IVPD, basal IVPD, mid-to-apical IVPD, and mid-IVPD (rc: 1.0, 0.889, 1.0, 1.0, respectively) as well as total IVPG, basal IVPG, and mid IVPG (rc: 0.94, 1.0, 1.0, respectively).


[image: Figure 4]
FIGURE 4
 Changes in IVPD indices measured by color M-mode echocardiography before and after sedation with xylazine in goats (n = 8). Plots showing the median (central horizontal line) and range (upper and lower lines). *p < 0.05, **p < 0.01.



[image: Figure 5]
FIGURE 5
 Changes in IVPG indices before and after sedation with xylazine in goats (n = 8). Plots showing the median (central horizontal line) and range (upper and lower lines). *p < 0.05, **p < 0.01.




Correlation between IVPD/IVPG and conventional echocardiographic variables

Table 3 shows Spearman's correlation between IVPD/IVPG indices and conventional echocardiographic measurements. Total IVPD was positively correlated with HR (rs = 0.615, P = 0.013) and negatively correlated with LV length (rs = −0.506, P = 0.046). Mid IVPD found a significant positive correlation with lateral annular velocity a′ (rs = 0.567, P = 0.022); meanwhile, basal IVPD was positively correlated with lateral annular e′ (rs = 0.539, P = 0.031). The apical IVPD showed a positive correlation with HR, mitral A velocity, and septal a′ velocity (rs = 0.521, 0.724, 0.512; P = 0.041, 0.002, 0.043, respectively) and negative correlation with E/A ratio and deceleration time (rs = −0.601, −0.509, P = 0.014, 0.044, respectively). Moreover, total IVPG showed a positive correlation with HR and mitral A velocity (rs = 0.675, 0.671; P = 0.005, 0.004, respectively) and significant adverse correlation with E/A ratio and deceleration time (rs = −0.736, −0.600; P = 0.001, 0.014, respectively). Mid-to-apical IVPG showed a significant positive correlation with annular lateral e′ (rs = 0.514, P = 0.042). Moreover, the relationship between total IVPD and A velocity; basal IVPD and HR; apical IVPD and LV length; total IVPG and LV length; mid IVPG and HR, mitral A velocity and E/A; as well as the relationship among mid-to-apical IVPG and HR, mitral A velocity, and E/A ratio were significant (P < 0.10).


TABLE 3 Correlation between CMME indices and conventional echocardiographic measurements in goats.
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Discussion

The establishment of new technology regarding cardiac function evaluation in ruminants is a point of interest for both clinical and research purposes (24, 37, 38). In this study, we examined the use of the novel CMME-specific variables (IVPD and IVPG) in goats. Furthermore, we reported the normal values of IVPG and IVPD indices and explored the effect of sedation by xylazine on the obtained measurements.

Visualization of different cardiac windows from standard views was optimized in all goats. In the current study, systolic function indices (FS% and EF%) showed no significant changes between pre- and post-xylazine administration although the heart function was significantly reduced (39). Pulsed TDI was used to evaluate the regional wall velocity at both sides of mitral valve attachment (40, 41). TDI at the septal and posterior walls yield two negative diastolic velocities (e′, a′) which are representative of myocardial relaxation and atrial contraction, respectively (42). For the interpretation of the diastolic cardiac function, the annular velocity e′ wave is considered an indicator for relaxation and elastic recoil of the LV; meanwhile, the E/e′ ratio is crucial for the diagnosis of congestion (41).

In our study, diastolic function measurements were not homogenous based on conventional echocardiography examination. In this regard, the E/A ratio did not significantly change after xylazine administration, and the tissue Doppler velocities showed variations at the septal and free walls of the LV walls. Thus, septal a′ velocity, lateral e′ velocity, and septal E/e′ were significantly reduced after sedation. In contrast, the velocity of septal e′, lateral a′, and E/e′ of the free wall did not significantly change. The assessment of mitral inflow and myocardial tissue velocity is frequently used to evaluate diastolic function. Nevertheless, accurate diagnosis of diastolic dysfunction is a controversial issue that requires a combination of different diagnostic approaches (2, 4).

Recent studies revealed that CMME-derived IVPD/IVPG is significantly related to the Tau (a reliable index of left ventricular diastolic function) (43), and hence could non-invasively evaluate the diastolic function (1, 12). To our knowledge, the current study is the first to investigate the validity of IVPD and IVPG in goats. The left parasternal long axis four-chamber view was optimized for adequate Doppler alignment using CMME as previously described in other animals (8, 21). The imaging quality and software analysis scores for CMME obtained in the current study were acceptable. All CMME variables, except apical IVPD and apical IVPG, showed acceptable repeatability with low to moderate variability. These results are quite reasonable particularly when we consider that these data were calculated before sedation. The higher CV of apical indices may be related to variation in the color resolution of the apical part of CMME images compared with the basal and mid parts (7). Therefore, CMME can be used for further evaluation of heart function in goats and the apical variables should be considered with caution.

The present study also intended to explore the agreement of the IVPG/IVPD findings with other studies conducted in dogs, the largest animal species in which CMME was previously studied. As previously described, MATLAB-specific software (MathWorks) classifies the IVPD/IVPG into basal, mid-to-apical, mid, and apical parts (1, 8, 21). In the current study, the reported IVPD and IVPG ranges were comparable to recently published studies on anesthetized Beagle dogs under various loading conditions (8), during chemotherapy treatment (1), and non-anesthetized client-owned dogs (21). In the later study (n = 58, BW 1.3–42.3 kg), this classification yielded 0.92 ± 2.86, 0.39 ± 1.13, 0.47 ± 1.41 and 0.25 ± 0.33 for total, basal, mid, and apical IVPD, respectively, and 0.30 ± 0.94, 0.12 ± 0.36, 0.14 ± 0.44 and 0.11 ± 0.09 for total, basal, mid and apical IVPG parts (21). Another study in Beagle dogs yielded 0.12 ± 0.86, 0.09 ± 0.35, 0.11 ± 0.51, 0.08 ± 0.48 and 0.03 ± 0.03 for total, basal, mid-to-apical, mid, and apical IVPG parts (1). Our study elected not to focus only on normal goats but to investigate the CMME in goats after an alteration of heart function. This was different than the other published studies on IVPG in dogs since the net effect of sedation or anesthesia on CMME indices in dogs has not been reported. Despite the difference in species and body weight between our study and other canine studies (1, 8), there was an acceptable similarity in the obtained CMME measurements in dogs and goats. However, the study sample in our study had subjectively fewer goats and was treated with xylazine when compared to case numbers and conditions in the previous studies. Overall, this indicates that the CMME-derived IVPD/IVPG is comparatively acceptable in goats as another species to study this novel echocardiographic approach. Moreover, our findings suggested that the CMME technique may be possible to use in other farm animals for further physiological and pharmacological studies.

In ruminants, xylazine is used for pre-anesthesia and induction. The safety margin of xylazine is comparatively narrow which could induce rapid collapse in animals if the dose is not properly adjusted (44). In the current study, as in previous reports, xylazine administration reduced HR and Doppler measurements of the pulmonary artery, and aorta as well as the mitral inflow (E and A waves) from the baseline. These reductions in the pressure, heart rate and cardiac contraction, and elevation in afterload are caused by its chronotropic properties (39, 45, 46).

In this study, xylazine was selected as a simple medicine to induce alteration in the heart function for subsequent evaluation of the response of IVPG/IVPD to the hemodynamic changes in goats. In this regard, xylazine administration resulted in significantly reduced IVPD and IVPG indices; meanwhile, the E/A ratio was not significantly changed. This indicates the potential importance of IVPG and IVPD to detect preload changes as confirmed by a significant reduction in E and A waves of the mitral inflow. The importance of IVPG and IVPD as indicators of diastolic function has been demonstrated (16). It has been evidenced that each IVPD or IVPG part could reflect a specific function during heart function evaluation. For example, basal IVPD is positively related to the increased volume load in case of congestion (16, 33), advanced diastolic dysfunction reduce mid IVPG (33, 42), left ventricular active relaxation correlated well with mid-to-apical IVPG, and apical IVPG is related to the active power of blood withdrawal from the left atrium by LV (11, 15). In our study, changes in IVPD and IVPG indices could be ascribed to reduced contractility and blood flow and increased LV length after xylazine injection.

In the current study, xylazine administration exerted a profound effect on atrial contractility as observed by reduced late mitral velocity (A, rc = 1.0) and a annular tissue velocity values. However, the E/e' ratio (left atrial pressure indicator), which was measured at both septal and lateral mitral annulus (47), was not significantly changed. Previous studies reported that the evaluation of left atrial pressure using E/e' has certain limitations and basal IVPG could be more suitable for the monitoring of the preload in response to medication. In this regard, a previous study (16) reported inconsistent results of TDI in loading changes and found only that septum E/e' was significantly increased after colloidal solution infusion in contrast to the IVPG which was significantly responding to the infusion. In the present work, apical IVPD and total IVPG were negatively and significantly correlated with late mitral inflow (A) wave velocity, E/A ratio, and deceleration time of the mitral inflow. The presence of significant correlation between CMME indices and conventional parameters might enforce the usefulness of CMME-derived IVPG/IVPD to evaluate heart function especially diastolic one away from invasive procedures. However, proper interpretation of these relationships should be cautiously considered because of small sample size and short-term evaluation.

In this study, the LV length was slightly increased after xylazine administration. However, only total IVPD was negatively correlated with the LV length. This was in agreement with a previous study in sheep which showed a linear relationship between the decrease in intraventricular pressure and LV length (48). In contrast, the study by Popović et al. (34) revealed that LV length was positively correlated with IVPD but not associated with IVPG. In the latter study, the authors investigated different species with different heart sizes. However, upon the examination of their results, we found that the goat was almost close to the dog and human values that almost show a negative relationship of LV length with IVPG values in contrast to smaller heart size species. IVPD was also reported to be related to the LV length in dogs (21), but this study used many dogs in which small breed dogs were predominant. IVPG is calculated from IVPD to exclude the effect of the LV length. Although both IVPD and IVPG approximately showed a similar trend of results before and after xylazine medication, IVPG will be more reliable when there is a great variation in LV length, or when the LV length significantly changes due to medication as in the current study. However, a combination between IVPD and IVPG may be better to explore the actual pressure difference and the pressure slope in the LV. Our results revealed positively correlated HR with total IVPD and apical IVPD, as well as total IVPG. During restraint of animals, the HR can be increased, and subsequently, the pressure increases (49), and the reverse is true after medication with xylazine.

Cardiac tissue damages in ruminants due to various infectious diseases and nutritional disorders are frequently occurring without expressing clear clinical signs in the early stage but they rather can be detected in the late stages of cardiac diseases or during necropsy (50). IVPD and IVPG assessments are useful in the early detection of cardiac dysfunction in animal models, such as dogs and rats. In farm animals too, especially goats, IVPD and IVPG could deepen the understanding of the pathophysiological and pharmacological aspects of intraventricular flow. Also, clinical trials are warranted to evaluate whether this technique helps detect cardiac pathologies earlier to decide whether to treat or cull those animals.


Limitations

The present study includes only adult male goats with small sample size. The number of goats in Japan has a limited distribution since goats are infrequently accepted as food for humans and are mostly used for research and educational purposes by elementary students (51, 52). Male goats were selected to avoid the biased results from female reproductive cycles that should be addressed in another study. Simultaneous assessment of IVPD/IVPG using invasive catheterization and CMME was not provided.




Conclusion

To the best of the author's knowledge, this is the first study of the quantitative measurement of the IVPD and IVPG in goats using a novel CMME technique. The CMME-derived IVPD and IVPG are valid methods in awake and sedated goats. A translational lens of this novel study, in conjunction with conventional echocardiographic methods, might deepen understanding of the LV hemodynamics in goats as well as other farm animals for further experimental and clinical studies.
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Background: Pimobendan is widely used for the treatment of dogs with heart failure via the oral route. A new injectable form of pimobendan is now available and its potential usefulness via intravenous route has been recently demonstrated in dogs. However, the cardiovascular effects of intramuscular (IM) administration of injectable pimobendan have not been investigated yet.

Hypothesis: IM administration of pimobendan may have the same hemodynamic effect as the IV route.

Methods: Six healthy Beagle dogs underwent a placebo-controlled double-blind crossover study. The early cardiovascular effects after a single dose of IM and IV injections of pimobendan (0.2 ml/kg; Pimo IM and Pimo IV, respectively) were compared to the same volume of IM placebo (Saline IM) in anesthetized dogs. Clinical [heart rate (HR) and blood pressure (BP)] and echocardiographic hemodynamic parameters [left ventricular (LV) inflow waveforms of diastolic early wave (eV), atrial systolic wave (aV), diastolic early mitral ring velocity (e′), peak velocity (pV), stroke volume (SV), cardiac output (CO), and systemic vascular resistance (SVR)] were monitored with 15 min intervals for 120 min.

Results: Diastolic BP decreased significantly at 30 min in Pimo IM compared to Saline IM. Mean eV and CO values significantly increased from 75 min, e′ from 60 min, pV from 75 min, and SV from 15 to 120 min, whereas SVR significantly decreased at 30–60 min in Pimo IM compared to those of Saline IM (P < 0.05). Compared with the Pimo IV, eV and pV were significantly lower at 30–60 min (P < 0.05) while SV was significantly higher at 90–105 min in Pimo IM (P < 0.05). Other hemodynamic parameters (BP, HR, SVR, CO, e′, and E/e′) did not significantly change between Pimo IM and IV.

Conclusions: The hemodynamic effect of pimobendan following IM and IV injection was described. Our results suggested that IM administration of pimobendan is equally comparable and possibly interchangeable with IV administration. This warrant further studies to investigate the clinical effectiveness of IM pimobendan in treating dogs with congestive heart failure or in heart failure cases unable to receive IV or oral administration.

KEYWORDS
 pimobendan injection, echocardiography, hemodynamics, phosphodiesterase III inhibitor, cardiotonic, dogs


Introduction

Mitral valve disease (MVD) is the most common acquired heart disease in dogs which accounts for 75–80% of congestive heart failure (1, 2). Pimobendan has long been used as a treatment of choice in dogs suffering from MVD (3–5) and dilated cardiomyopathy (DCM) (6). ACVIM Specialists of Cardiology recommended the use of pimobendan for hospital-based acute care to improve the survival rate and patient outcomes (7, 8). Moreover, pimobendan medication delays the onset of congestive heart failure (CHF) in dogs with preclinical MVD with enlarged left atrium and left ventricle (ACVIM Stage B2) by 15 months (3). Pimobendan has cardiotonic, myocardial relaxing, and vasodilatory effects by calcium sensitivity enhancing (9–11) and phosphodiesterase III (PDE-III) inhibitory effects (12–14) in a dose-dependent manner (15).

Oral administration of pimobendan is the most preferred method when the MVD condition is stable and for chronic medication strategy (16). The pharmacokinetics of pimobendan during oral medication considering the drug form vary among studies. This difference is essential to predict the onset of the peak effect of pimobendan during the treatment of patients, particularly in severe cases (17–20). In addition, many dogs with acute heart failure cases due to MDV have little reserve cardiorespiratory function, hemoptysis, and respiratory distress (2). Oral administration in such cases is more difficult than parenteral routes, and the desired effect of the drug occurs slowly when used per os (17), making it an inappropriate route of administration in emergency cases such as in acute heart failure or severe CHF.

Currently, injectable pimobendan has been formulated and became available for IV injection (17, 21), suggesting an alternative live-saving route of administration in case of advanced stages of MVD to rapidly reduce the left ventricular end-diastolic pressure (17, 22). Recent studies revealed that the IV administration of pimobendan, but not SC, may be useful in patients with acute heart failure caused by MVD (23, 24). Until now, there is no data regarding the IM route of pimobendan administration in dogs. In severe cases, injection of medicine is a lifesaving choice because of getting the desired effect after a short time compared with the oral route. In light of previous literature, there are certain cases of emergency where the IV route can be accessed easily. However, in some cases, like vasogenic shock, IV is very difficult due to the collapse of peripheral veins (25). Also, in small breed dogs, the peripheral veins are not so easily accessed and IV injection should perform with caution. When we consider these points, the IM route of pimobendan administration is worth studying. Practically, IM injection is easier, and safer, and may serve as an alternative route of administration in urgent cases when the IV route is difficult. Besides, the desired effect of the medication is generally more rapid when used via IM than the SC (26, 27).

The current study aims to investigate the cardiovascular effect of injectable pimobendan through the IM route. We will demonstrate the prolonged effect of pimobendan IM injection on cardiovascular functions through evaluation of hemodynamic changes, evaluating the start time of action, the duration for maximum activity, and the strength of the action in comparison with the IV route in healthy dogs.



Materials and methods


Animals

A group of six female beagle dogs aged 1–3 years old and weighing 7.6–8.4 kg (median: 7.9 kg) was studied. No abnormalities were found in their health, based on clinical, hematological, and serum biochemical examinations, as well as the cardiologic evaluation by electrocardiography and transthoracic echocardiography.



Study design

This is a placebo-controlled, double-blinded, crossover study. In this study, the cardiovascular effect of pimobendan treatment via IM route (Pimo IM) was investigated which was compared with pimobendan IV (Pimo IV) and placebo administered IM (normal saline; saline IM).

For each examined dog, the supervisors randomly prepared the dose of injectable pimobendan and the same volume of saline as Drugs A and B. Additionally, the other supervisor selected either Drug A or B for IM administration and subsequent measurements of heart function parameters in anesthetized animals. The IM injections were performed in the longissimus muscle of the lower back. None of the supervisors who prepared and administered the drug/placebo knew which substance was administered until all experiments were finished. In addition, the preparation and administration of the drug were overseen by the designated supervisors. Moreover, the effect of intravenous administration of pimobendan (Pimo IV) was compared with that of the Pimo IM, using the same individual animals as in the Pimo IM vs. saline IM test. The drugs were prepared at doses of pimobendan 0.15 mg/kg (0.2 ml/kg; Vetmedin® 0.75 mg/ml, Boehringer Ingelheim, Germany) for IM and IV routes, and saline 0.2 ml/kg (Otsuka normal saline, Otsuka Pharmaceutical Factory, Inc., Japan), respectively, according to the previously published protocol (23). The IV route was injected over 1 min in the cephalic vein.

In this experiment, all dogs were subjected to the same route of administration. After one week's lag, another route was started to avoid overlapping and ensure complete clearance of the medicine (23).



Anesthesia and preparation

A catheter (SURFLO 22-gauge, 25 mm, TERUMO, Japan) was placed in the cephalic vein for pre-medication and infusion. Each dog was pre-medicated with butorphanol (0.2 mg/kg, IV; Vetorphale, Meiji Seika, Japan). Anesthesia was slowly introduced with propofol IV (6.0 mg/kg; propofol IV 1% “FK”, Fresenius Kabi Japan K.K., Japan) and endotracheal intubation was performed (28, 29). General anesthesia was maintained by isoflurane (isoflurane, Pfizer Inc., NY, United States) to 100% oxygen, supplied via mechanical ventilation (Aestiva/5, Datex-Ohmeda, GE Healthcare, Japan). The concentration of isoflurane during the experiment was determined for each dog (1.0–1.8%), and the concentration was maintained within a range of ±0.1%. The dog was placed in the left lateral position, and the heart rate (HR), expiratory terminal carbon dioxide partial pressure (PaCO2), expiratory terminal isoflurane concentration, blood pressure [BP; systolic blood pressure (SBP), mean blood pressure (MAP), diastolic blood pressure (DBP)], esophageal temperature, and saturation of percutaneous oxygen (SpO2) were continuously monitored using an anesthesia monitor (Life Scope A BSM-5192, Nihon Kohden, Japan). Samples for expiratory terminal PaCO2 and expiratory terminal isoflurane concentration were collected from the Y piece of the ventilator respiratory system, and expiratory terminal PaCO2 was maintained at 35–45 mmHg. BP was monitored with a transducer (DX-300, Nihon Kohden, Japan) connected with a catheter (SURFLO 24-gauge, 19 mm, TERUMO, Japan) placed in the dorsalis pedis artery. Esophageal temperature was maintained at 37.0–37.5°C using a warm air mat (Bair hugger™, 3M™, Minnesota, United States). The SpO2 was measured with a pulse oximeter clipped to the tongue and levels were maintained at 98% or higher. Lactated Ringer's solution was infused at a flow rate of 3.0 mL/kg/h throughout the experiment.



Measurements of cardiovascular and hemodynamic parameters

After confirming the stability of the hemodynamic parameters following anesthesia, the baseline parameters before drug administration (Time 0) were measured from the anesthesia monitor and by using conventional echocardiography (Prosound F75, Hitachi Aloka Med., Japan). Subsequently, while dogs were still under anesthesia, drug administration was started, and the data were measured every 15 min up to 120 min (eight-time points: T15, T30, T45, T60, T75, T90, T105, T120) after the acquisition of the baseline measurements (T0). This protocol has been modified from previously published studies (17, 23). For echocardiography (30), a cross-sectional image of the apex of the heart was visualized. By the left parasternal approach, the left ventricular inflow waveforms of the diastolic early wave (eV) and atrial systolic wave (aV) were measured using the pulse Doppler method, and the early diastolic mitral annular velocity (assessed by TDI) (e′) on the lateral wall was measured using the tissue Doppler echocardiography. The eV/e′ (E/e′) was calculated from the measured eV and e′. Subsequently, the five-chamber view with color flow Doppler was acquired, and the peak velocity (pV), velocity-time integral (VTI), and tract diameter (d, cm) of LV outflow was measured by the Pulsed-wave Doppler echocardiography of the aorta. The following values were calculated from the following formulas (31):

Stroke volume (SV) = (d/2)2 × π × VTI

Cardiac output (CO) = SV × HR

Systemic vascular resistance (SVR) = 80.0 × (MAP – central venous pressure).

Since the healthy dogs had no right atrial enlargement or transvenous distension, the central venous pressure was assumed to be 5 mmHg (32).



Statistical analysis

The statistical analysis was performed by SATISTA (Kyoto, Japan). SPSS for Windows version 24.0 (IBM Japan, Tokyo, Japan) was used for the statistical analysis. For each time series outcome, the time (every 15 min), group (saline IM, Pimo IM, Pimo IV), and their interactions were fixed effects; additionally, RM-ANCOVA was performed with the initial value of the dependent variable (Time 0) corrected as a covariant. The estimated mean value at each time and its 95% confidence interval (CI) were calculated. For the pairwise comparison, the Pimo IM vs. saline IM test and the Pimo IV vs. IM test were performed. Since the comparative tests of the above two hypotheses were performed independently of each other, multiplicity was not corrected. Since each outcome was researched on the assumption that it followed a normal distribution from the preliminary survey, a parametric method was adopted. P < 0.05 was considered statistically significant.




Results


Hemodynamic changes caused by pimobendan IM in comparison with the baseline

All hemodynamic measurements obtained from the current study are submitted as additional data (Supplementary Tables 1, 2). Tables 1, 2 summarizes the changes in hemodynamic parameters after pimobendan administration in comparison with the baseline (Time 0). The HR was significantly higher than the baseline 30 and 90 min after administration of Pimo IM. The SBP and MAP did not change significantly during the monitoring period (P > 0.05); however, DBP showed a significant decrease at 60, 75, and 90 min compared to its baseline (P<0.05, Table 1).


TABLE 1 Heart rate and blood pressure measurements after pimobendan injection in comparison with measurements at the baseline (Time 0).

[image: Table 1]


TABLE 2 Hemodynamic parameters after pimobendan injection in comparison with the baseline (Time 0).

[image: Table 2]

The echocardiographic data showed significant increases in pV, SV, and CO following Pimo IM at all measurement time points compared with the baseline (Time 0) and reach the maximum values at 90 min (Table 2). The pV was increased from the baseline (mean: 81.4 ± 5.4 cm/s) to (mean: 106.2 ± 8.3 cm/s) after 15 min and continued to increase until 90 min (mean: 152.0 ± 13.1 cm/m). Concomitantly, SV and CO were elevated from the baseline (mean: 13.7 ± 1.2 mL, 1.3 ± 0.1 L/min) to (mean: 15.9 ± 1.2 mL, 1.5 ± 0.1 L/min) after 15 min and reach their maximum values at 90 min (mean: 25.4 ± 2.1 mL, 2.5 ± 0.3 L/min), respectively. The eV increased significantly at 15 min and 45 min after IM administration and reached the maximum value at 105 min after administration. Meanwhile, a significant increase in aV was observed from 45 min after administration, and the increase continued until 120 min. Subsequently, e′ was significantly increased 60 min after administration, and reached a maximum value 90 min after administration. E/e′ index was significantly increased 75 min and 105 min after administration.

Finally, SVR showed a regular manner of a significant decrease in overall measurement time points, showing a minimum reduction at 90 min (mean: 1693 ± 353 dyne·s/cm5) after administration compared with the baseline (mean: 3098.4 dyne·s/cm−5).



Hemodynamic changes caused by IV administration of pimobendan in comparison with the baseline

The HR was significantly higher than the baseline at 30 and 105 min after administration. No significant changes were observed in the SBP, MAP, and DBP compared to the baseline. There was a significant increase in the pV, SV, and CO at all measurement points compared with the baseline. The data revealed increased pV from baseline (81.41 ± 5.32 cm/s) and reach its maximum at 75 min (145.10 ± 13.99 cm/s). Besides, the LVOT revealed a continuous increment of SV and CO from Time 0 (13.73 ± 1.19 mL, 1.3 ± 0.16 L/min; respectively) until 60 min for SV (21.43 ± 2.42 mL); while CO continued to increase until 90 min (2.20 ± 0.33 L/min).

While eV and e′ were significantly increased at all measurement points, E/e′ was significantly increased at five measurement points (15, 45, 75, 90, and 120 min) and aV was only significantly increased after 30 min of IV administration.

Furthermore, SVR was significantly reduced at all the measurement points following IV administration of pimobendan and the reduction was continuously observed from the baseline until 90 min (3098.4± 305.7 vs. 1729.5 ± 337.4 dyne·s/cm−5).



Comparison between pimobendan IM and saline IM

No significant difference between groups was observed at all measurement points in HR, SBP, or MAP (Figures 1A–C). However, a significant decrease was observed in DBP in Pimo IM at 30 min [difference between groups (“Pimo IM,” “Saline IM”): −6.54 (95% CI: −12.72 - −0.36), P = 0.040], 75 min [−5.91 (CI: −10.78 - −1.03), P = 0.021], and 90 min [−7.39 (CI: −12.91 - −1.87), P = 0.012] after administration compared with those of Saline IM (Figure 1D).


[image: Figure 1]
FIGURE 1
 Data are presented as mean ± 95% confidence interval (error bar). Black line: Saline IM; Red line: Pimobendan IM (Pimo IM); Gray dot line: Pimobendan IV (Pimo IV). (*) fitted to indicate the significance difference between Pimo IM Saline IM, [for the repeated measures ANCOVA (model: time, group, and time*group)]; P < 0.05. (A) Heat rate (HR, beat/min), (B) systolic blood pressure (SBP, mmHg), (C) mean arterial pressure (MAP, mmHg), (D) diastolic blood pressure (DBP, mmHg).


In the Pimo IM group, a significant increase in pV was observed at 75 min [45.45 (CI: 24.69 - 66.21), P < 0.001; Figure 2E], for SV at 15 min [1.77 (0.02 - 3.5), P = 0.048; Figure 2F], and for CO at 75 min [0.75 (CI: 0.13 - 1.37), P = 0.022; Figure 2G] after administrations compared with the saline IM.
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FIGURE 2
 Data are presented as mean ± 95% confidence interval (error bar). Black line: Saline IM; Red line: Pimobendan IM (Pimo IM); Gray dot line: Pimobendan IV (Pimo IV). (*) fitted to indicate the significant difference between Pimo IM and Saline IM, while (#) fitted to compare Pimo IM vs. Pimo IV [for the repeated measures ANCOVA (model: time, group, and time*group)]; P < 0.05. (A) Peak atrial filling velocity (aV, cm/s), (B) Early diastolic left ventricular filling velocity (eV, cm/s), (C) Peak early diastolic velocity of the mitral annulus (e′, cm/s), (D) Early diastolic left ventricular filling velocity/Peak early diastolic velocity of the mitral annulus ratio (E/e′), (E) Peak velocity (pV, cm/s), (F) Stroke volume (SV, mL), (G) Cardiac output (CO, L/min), (H) Systemic vascular resistance (SVR, dyne·s/cm5).


No significant difference between groups was observed in late mitral velocity (aV) at all measurement points; however, early mitral velocity (eV) was significantly increased at 75 min [31.30 (CI: 17.65 - 44.94), P < 0.001], 105 min [27.76 (CI: 9.49 - 46.04), P = 0.006], and 120 min [23.88 (CI: 9.70 - 38.06), P = 0.003] after Pimo IM administration compared with saline IM (Figures 2A,B).

In the Pimo IM group, mitral annulus velocity (e′) was significantly reduced at 60 min [1.89 (0.27 - 3.51), P = 0.025] and 90 min [2.08 (0.50 - 3.66), P = 0.014] after administration compared with the placebo (Figure 2C). There was no significant difference in E/e′ ratio between Pimo IM and saline IM at all measurement points (Figure 2D). Finally, SVR showed a significant decrease in the Pimo IM group after 30 min [−514.2 (CI: −917.6 - −110.8), P = 0.016] and 60 min [−515.7 (CI: −1003.6 - −27.9), P = 0.040] of administration (Figure 2H).



Comparison between the two routes of pimobendan administration

In the Pimo IM and IV groups, significant changes were observed in eV 30 min after administration [difference between groups (“Pimo IM,” “Pimo IV”): Time 30: −12.98 (CI: −25.57 - −0.39), P = 0.044; Figure 2B] and in pV at 45 min [−19.96 (CI: −33.88 - −6.05), P = 0.008] and 60 min [−27.07 (CI: −50.07 - −4.06), P = 0.024] after administration (Figure 2E), with a significant increase in the Pimo IV group. On the other hand, SV was significantly increased in Pimo IM at 90 min [5.07 (CI: 2.02 - 8.12), P = 0.003] and 105 min [2.47 (CI: 0.53 - 4.40), P = 0.016] compared with Pimo IV (Figure 2F). In addition, there was no significant difference in BP, HR, aV, SVR, CO, e′, and E/e′ between IM and IV routes of pimobendan injection (Figures 1A–D, 2A,C,D,G,H).




Discussion

Pimobendan is a drug known to enhance the systolic force and vasodilator effects, and so, is defined as an inodilator (11). In the present study, we measured parameters that represent systolic contractile and diastolic relaxing functions of LV myocardium and BP to verify whether IM injectable pimobendan works safely and effectively in healthy dogs. Our results showed that the two routes of pimobendan administration affected the LV myocardial diastolic and systolic functions by increasing eV of the mitral inflow and pV values of LV outflow (relaxation) and increasing SV and CO (positive inotropy), along with the superiority of pimobendan IM over IV. Also, IM pimobendan produced vasodilator effects due to decreasing SVR and diastolic BP within 120 min of a single dose in healthy dogs.

Pimobendan, a benzimidazole-pyridazinone derivative, is a non-sympathomimetic, and non-glycoside inotropic agent that presents vasodilator effects by inhibiting PDE-III, a regulator of cardiac and vascular smooth muscle contractility (11). Additionally, pimobendan has a Ca+2-sensitizing effect and directly increases the affinity of the regulatory site on cardiac troponin C for Ca+2, giving rise to a positive inotropic activity (12–14). Pimobendan increases CO and decreases SVR (inodilation) in a dose-dependent manner. In the current study, the observed increases in CO and decreases in SVR following IM pimobendan administration were consistent with a previous study (24). These results show that the inodilator effect of pimobendan is maintained after IM injection.

Rapid fluctuations in the HR and BP may be a high risk for acute heart failure patients who are already in shock with hypotension. In the present study, a significant increase in HR was observed in Pimo IM and saline IM groups, but the amount of change from the baseline in those two groups was almost the same (~10 beats). This finding indicated that the increase in HR was related to factors other than the effect of pimobendan, such as the effect of long-term anesthesia. Isoflurane was maintained at ±0.1% during the experiment, ETCO2 was 35–45 mmHg, and body temperature was maintained at 37.0–37.5°C. However, the T1/2 of propofol used in the anesthetic preadministration was 4.2 ± 2.2 min (33) and the T1/2 of butorphanol was 1.3–3.6 h. It is possible that the attenuation of these effects led to a decrease in anesthetic depth, which in turn led to an increase in heart rate. Therefore, IM (and IV) administrations of pimobendan (0.15 mg/kg) were considered not to affect the HR, SBP, or MBP. This is in agreement with a previous study in which pimobendan was administered intravenously (23). On the other hand, some studies have reported an increase in HR and a decrease in systolic LV pressure (34, 35). Other studies also stated that the increase in HR and decrease in BP after pimobendan administration is dose-dependent (36, 37). The differential effect of pimobendan on HR and BP may be due to the differences in the dose of pimobendan among the studies. When used at high doses as in later studies, the effect of pimobendan on HR and BP will be more than the net effect observed in the present study.

Reducing the afterload of the LV is an important target during the treatment of acute heart failure. The afterload is mainly due to the resistance applied to the LV wall and the resistance of the arterial system. The resistance applied to the LV wall is defined by SBP, while the resistance of the arterial system is defined by SVR (2). In the present study, although no significant change was observed in SBP, a significant decrease was observed in the SVR, indicating that IM pimobendan leads to vasodilation. In addition, the vasodilator effect was rapidly observed (after 15 min) and was maximized 90 min after administration, the same as observed via the IV route. Pimobendan is given primarily to increase CO (11). Hypotension is frequently observed in cases of cardiogenic shock in which an immediate increase in CO should be considered to maintain effective circulation (25, 29). Our findings suggested that IM pimobendan is not a hypotensive drug, and therefore will not worsen the blood pressure in case of hypotension.

Active relaxation of the LV myocardium occurs when the LV pressure drops below LAP, the pressure difference becomes the driving pressure and the mitral valve opens, causing blood inflow from the left atrium to the LV; this is eV (38). In the present study, pimobendane IM administration resulted in a significant increase in eV. The potential reasons for eV increase are the active relaxation of the LV or increased LAP (39). Previous studies have reported that pimobendan significantly reduces the trans LAP (15) and LV end-diastolic pressure (23). Moreover, the present study showed a significant increase in e′; e′ represents myocardial movement during diastole (40). Therefore, this result indicated that the IM pimobendan was effective regarding cardiotonic action. In addition, there was no difference in E/e′ in the present study. Previous studies reported a significant correlation between E/e′ and mean LAP (40, 41). There was no significant change in LAP in dogs treated with pimobendan in the current study. Nevertheless, Ohte et al. (35) found a significant decrease in LAP when pimobendan was administered at a high dose (0.25 mg/kg). Lowering LAP is necessary in heart failure treatment. However, the low dose of pimobendan (0.15 mg/kg) in our study did not decrease LAP. Therefore, the absence of reduced LAP in our study could be attributed to the difference in pimobendan doses used in this study compared with other studies (36).

Cardiac output is a result of the synergistic action of cardiotonic activity, preload, and afterload (2). The results of the present study demonstrated a rapid and marked increase in CO after IM administration of pimobendan, most probably due to either increased cardiotonic action, increased preload, decreased afterload, or the synergistic effect (11, 16). The present study did not measure factors increasing the preload. As described above, the results of SVR and e′ values were thought to be compatible with a reduction in the afterload and an increase of cardiotonic action, respectively. Therefore, it was considered that the increase in the CO in the present study was due to the enhancement of cardiotonic action and the reduction of afterload. Cardiac output is proportional to the initial length of myocardial fibers as defined by Frank-Starling's law (42). This means that CO depends on the relaxation of the left ventricular myocardium and its ability to contract. The results of pimobendan administration obtained in this study indicated that pimobendan contributes to increased CO by enhancing myocardial relaxation, thereby promoting an increase in blood volume during left ventricular relaxation and enhancing myocardial contractile capacity (35, 43, 44). In addition, the enhanced vasodilatory effects decreased peripheral vascular resistance and reduced afterload, which was thought to be attributable to the increase in CO (35, 43, 45).

In this study, the hemodynamic effect of IM and IV pimobendan has been comparatively described. Significance difference was only observed in eV, SV, and pV while other parameters (BP, HR, SVR, CO, e′, and E/e′) were not significantly changed. However, in comparison with the baseline, while pV, SV, and CO showed statistically significant increases after pimobendan injection via the two routes, SVR decreased significantly after 15 min in both groups, indicating that the two routes are approximately expressing the same hemodynamic effect with extended improve in SV after IM administration. Our results suggested that both IM and IV administration of pimobendan nearly induce the same hemodynamic effect and multiple routes of the drug administration will be more beneficial for life-saving therapies, especially in urgent conditions.

Moreover, there were significant differences in eV and e′ values between IM and IV routes of pimobendan administration. Generally, eV and e′ are measured to assess LV myocardial relaxation using echocardiography (38, 40). The IM administration of pimobendan caused a significant increase in the eV after Time 45 and e′ after Time 60, whereas its IV administration caused a significant increase in both eV and e′ after 15 min. From these results, it was speculated that the IM injection of pimobendan might have a milder effect on the LV myocardial relaxation than its IV administration. This was thought to be due to the fact that when pimobendan is administered intramuscularly, it takes time for the drug to move from the intramuscular to the bloodstream (26, 27). In the present study, this difference in time was thought to account for the different effects of IV and IM administration. In this regard, it can be considered that IM is another choice in acute heart failure patients who are already in shock with collapsed peripheral vessels. Because of the availability of oral, IV and IM routes of pimobendan administration, it will be easier for the practitioner to choose a suitable route of its administration depending on the condition of each case particularly in countries where injectable pimobendan solution is available. However, injectable pimobendan may be extended soon to include many countries (17, 24). In the future, further research is needed to accurately evaluate how the effects of cardiotonic action, vasodilatory action, and LV myocardial relaxation action change depending on different methods of pimobendan administration in clinical cases.


Clinical implications

Taken together, our results suggested that the IM route of pimobendan administration is an effective method to provide cardiotonic action, vasodilator effect, and LV myocardial relaxation. At present, IV administrations of cardiotonic drugs have been preferred, especially in the emergency treatment of heart failure in human and veterinary medicine. However, IM pimobendan might be another simple and safe route for cases in which the heart failure is complicated by other factors such as hemoptysis, and when the condition is expected to worsen due to stress—caused, for example, by retention to secure a venous route—and in cases of cardiogenic shock associated with difficulty in securing a venous route. In the current study, anesthesia resulted in some hemodynamic changes as previously reported (46–50), however, our results provided clear evidence for the usefulness of IM pimobendan the same as observed by IV pimobendane to enhance the heart function in healthy dogs.



Limitations

The current study has been conducted on healthy dogs. Hemodynamic properties of pimobendan are different in animals with heart disease compared to healthy dogs and the sensitivity by target site may vary depending on the degree of acidemia and circulatory failure in dogs with CHF. Here we have to say that various routes of injectable pimobendan administration are still under research consideration using animal models or healthy dogs and further clinical studies should be performed (17, 21–23).

We did not measure the plasma concentration of pimobendan and its active metabolite following IM injection. In our protocol, we measured the hemodynamic parameters every 15 minutes. This requires continuous blood sampling at short intervals which may impact the hemodynamics during the study. In addition, it has been reported that pimobendan has altered pharmacokinetics in plasma, whole blood, and intracellularly in dogs (17).

Besides, the effects of pimobendan administration on CO and vasodilation were measured by echocardiography. Despite cardiac catheterization being more accurate than echocardiography in these measurements, cardiac catheterization is more invasive and unsuitable for repeated measurements in each dog (51–53). Moreover, we elected to conduct the study under anesthesia to avoid any fluctuation in cardiac measurements during the handling of animals as previously described (22, 23). However, the isoflurane used in the present study has a dose-dependent antihypertensive effect associated with vasodilation and negative inotropic effects as previously reported (46–49); additionally, isoflurane has been reported to increase the HR and LAP and decrease myocardial contractility (50). This can diminish the effect of pimobendan even though the hemodynamic effect of injectable pimobendan in our study was clear.




Conclusion

The present study showed that intramuscular pimobendan changes cardiovascular functions by enhancing LV myocardial relaxation and LV contractility, producing vasodilation within a short time after its administration in healthy dogs approximately in the same way as the IV route. However, further clinical studies should be performed to explore the usefulness of an intramuscular administration of Pimobendan and whether it is an effective route of administration in case of emergency and when the IV route cannot be applied.
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Background: Thoracic ultrasonography (TUS) is widely used in equine practice but comparison to radiography is limited in horses.

Objectives: To validate a novel, objective scoring system for TUS in adult horses and to compare ultrasonographic and radiographic findings.

Animals: 13 healthy horses and 9 with confirmed bacterial pneumonia

Methods: Prospective study in which TUS and radiography were performed on healthy horses and those with bacterial pneumonia confirmed by clinical signs and results of transtracheal wash analysis. Ultrasonography was scored utilizing a novel scoring system evaluating number of comet tail lesions, the presence or absence of pleural effusion and/or pulmonary consolidation in each intercostal space. Eighteen horses had thoracic radiographs taken that were scored by a board-certified radiologist utilizing a previously described system. Total scores were recorded and compared between control and diseased patients.

Results/Findings: Ultrasonographic scores were significantly higher in the diseased group (median= 126) than in the control group (median = 20, p = 0.01). Receiver operating characteristics (ROC) analysis identified a sensitivity of 66.7% (95% CI 0.417–1) and specificity of 92.3% (95% CI 0.462–1) for the ability of ultrasonography to identify bacterial pneumonia utilizing a TUS score cutoff of 37.

Conclusions and clinical importance: TUS had moderate sensitivity and high specificity for identification of bacterial pneumonia in adult horses. TUS appears to be an acceptable stand-alone imaging modality for diagnosis of bacterial pneumonia in horses when radiography is not practical.

KEYWORDS
 equine pneumonia, thoracic radiography, imaging, equine pleuropneumonia, ultrasonography


Introduction

Thoracic ultrasonography (TUS) is widely used in equine medicine for the diagnosis of bacterial pneumonia due to the simplicity of use, its non-invasive nature, and the high availability of portable machines for field use. In an ambulatory practice setting, thoracic radiography of the adult horse is often not possible, thus TUS is relied upon heavily in the evaluation of horses with signs of bacterial pneumonia (1).

Thoracic ultrasonography in human and small animal medicine is comparable in sensitivity to radiography and computed tomography (CT) for the diagnosis of pneumonia, pulmonary edema, pneumothorax and pulmonary contusions (2–6). While there have been direct comparisons between the sensitivity of TUS and radiography in the identification of Rhodococcus equi pneumonia in foals and pneumothorax in the adult horse, the two modalities have not been compared for their diagnostic accuracy in bacterial pneumonia in adult horse (7, 8).

In order to compare ultrasonographic and radiographic images, previous studies in humans, small animals, dairy calves and foals have utilized objective scoring systems (3–6, 9–16). Numerous ultrasonographic and radiographic scores have been proposed for the evaluation of pleural changes associated with Rhodococcus equi pneumonia in foals, asthma and exercise-induced pulmonary hemorrhage in adult horses, bronchopneumonia in calves, pulmonary injury in dogs, and pneumonia and pulmonary edema in humans (3–6, 9–18). In addition to providing an objective measure of comparison between different modalities, these scoring systems have been applied clinically in disease screening and to expedite diagnostics and therapy including assessing severity and progression of pneumonia in humans with COVID-19 (11, 19, 20).

An objective scoring system for TUS in adult horses that accounts for the presence of pleural effusion and pulmonary consolidation, in addition to comet tails, has not previously been compared to thoracic radiography. The objectives of this study were to develop a novel scoring system for TUS in adult horses and to compare it to thoracic radiography utilizing a scoring system developed by Mazan et al. and to compare the TUS score and radiographic score in healthy horses to horses diagnosed with bacterial pneumonia (21). We hypothesized that this ultrasonographic scoring system would be an accurate and simple method of assessment of TUS in adult horses, and that ultrasonographic scores would correlate with radiographic scores and be a sensitive diagnostic for the identification of bacterial pneumonia. We hypothesized that horses classified as healthy based on history, physical examination and normal complete blood count would have significantly lower TUS and radiographic scores than those diagnosed with bacterial pneumonia.



Materials and methods


Patient selection and grouping

This was a prospective case-control study that included clinical patients presented to the (NC State College of Veterinary Medicine Veterinary Teaching Hospital) between August of 2020 and September of 2021. Client consent was obtained for the use of each animal, and all protocols were approved by the Institutional Animal Care and Use Committee. Control animals were horses of three or more years of age that were presented for elective magnetic resonance imaging for orthopedic disease and deemed healthy based on physical examination, rebreathing examination and complete blood count. Physical examination was considered normal if vital parameters were within normal limits (temperature <101.5°F, heart rate 28–48 beats per min, respiration 10–20 breaths per min) and there was no nasal discharge, cough, abnormal lung sounds on auscultation, or increased respiratory effort. Rebreathing exam was considered normal if there was no coughing noted during or after the exam and if the horse returned to a normal resting respiratory rate in fewer than 6 breaths after removal of the rebreathing bag. Exclusion criteria for control animals included history of respiratory or cardiac disease, and any of the following within the 90 days prior to the study: transport of >6 consecutive hours, esophageal obstruction, or general anesthesia. Horses in the diseased group were clinical patients of three or more years of age that were enrolled following diagnosis of bacterial pneumonia. Pneumonia was diagnosed by the attending clinician via clinical signs, clinicopathologic data and thoracic imaging, and was confirmed by transtracheal wash cytology (confirming intracellular bacteria and suppurative inflammation) and/or positive bacterial culture of transtracheal wash fluid. All animals in the control group and 6 horses in the diseased group had ultrasonographic exams and right to left lateral radiography performed of the lungs within 6 h of each other.



Scoring of radiographic findings

Radiographs were assessed by a board-certified radiologist (NN who was blinded to the ultrasonographic findings) and the group assignment of each patient. Each series was scored according to the system previously described in detail by Mazan et al. (21). The lungs were divided into 3 regions (cranioventral, caudodorsal, caudoventral) and each region was assessed for the presence of 4 radiographic patterns (vascular, alveolar, interstitial, bronchial). A score of 0 was assigned when regions were considered “not different/normal” or a pattern was absent, a score of 1 for “moderate presence” of a pattern, and a score of 2 was assigned for “marked presence” of a pattern, allowing for a total score range of 0-24.



Scoring of ultrasonographic findings

The initial ultrasonographic examination on each horse was performed by a board-certified internal medicine specialist (KHW) and a subset of horses were evaluated by a second board-certified internal medicine specialist (KHW) blinded to the results of the initial exam, but not to the group assignment of the horse. Examinations performed by two investigators were performed within 6 h of one another. Ultrasonography was performed by scanning each intercostal space (ICS) from dorsal to ventral with a 3.5 MHz curvilinear probe in B-mode with depth adjusted on a case-by-case basis. Each examination was performed with one of two identical machines (Sonoscape S9, Universal Imaging, Bedford Hills, New York, United States). Each ICS was assessed for the presence of comet tail artifacts >5 mm in length from the pleural surface, consolidation, and pleural fluid in the dorsal and ventral portions of the thorax, which were divided by a horizontal line extending caudally from the level of the point of the shoulder (see Figure 1). Comet tails were defined as linear hyperechoic artifacts perpendicular to the pleural surface. Comet tail lesions identified deep to a consolidated region of lung were also quantified. Consolidation was defined as any section of lung where the normal hyperechoic pleura was interrupted, and the tissue was hypoechoic or heterogenous in appearance. An ICS was documented as having pleural fluid if there was expansion with anechoic or hypoechoic fluid noted between the pleura and body wall. If comet tail artifacts were present, they were counted in each ICS and the number recorded. Consolidation and pleural fluid were weighted more heavily than comet tails due to their association with more severe disease and each was given a score of 4 if present and 0 if absent in an ICS (1, 22). In order to maintain ease of use for the TUS score, the weighted score did not take into account the depth of pleural effusion. However, it is the clinical impression of the authors that significant effusion would be more likely to be present in multiple ICS and in both dorsal and ventral subsections and as such would be reflected in the overall score. If lung was not visible in a portion of an ICS, no number was assigned. The score for each hemithorax was totaled for each side, and as an overall score for each horse.
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FIGURE 1
 Diagram depicting intercostal spaces and dorsal and ventral regions for LUS score.




Statistical analysis

Statistical analysis was performed with R software (version 4.1.2, R foundation for Statistical Computing, Vienna, Austria). Age was examined via Mann-Whitney-Wilcoxon test while the gender was evaluated via Fisher's exact test. Differences in TUS and radiographic scores between control and diseased patients were examined via Mann-Whitney-Wilcoxon test. Spearman correlations were used for correlations between scores from different regions of the thorax and total ultrasonographic scores and for correlations between age and total ultrasonographic score where appropriate based on examination of plots for linear trend and homoscedasticity. Reported correlations were Pearson correlations calculated after the removal of extreme outliers. Comparisons of Pearson correlations were done using the Z transformation. The optimal cut-off for the receiver operating characteristics (ROC) analysis of ultrasound scores was determined by the concordance probability method with sensitivity and specificity reported at that point (23). Comparisons of sensitivity and specificity between ultrasound and radiography were made via the exact McNemar's test. Intra-class correlation coefficients used a two-way model with random effects for both subjects and raters.




Results


Patient demographics

The control group included 13 horses, 3 mares and 10 geldings, with a median age of 10 years (range: 6–19 years). In the diseased group there were 11 separate exams performed on 9 horses. Two horses in the diseased group were included twice as they were examined multiple weeks apart as part of disease monitoring but were treated as separate horses for purpose of analysis of the imaging findings, but only included once in analysis of signalment data. The diseased group included 1 stallion, 4 mares, and 4 geldings with a median age of 9 years (range: 8–21 years) There were no significant differences in age (p = 0.81) or gender (p = 0.19) between the two groups.



Ultrasonographic and radiographic scores

Total ultrasonographic score was significantly higher (p = 0.01) in the diseased group (median score 126; range: 13–353) than the control group (median score 20; range: 4–50) (see Figure 2). All horses in the control group had thoracic radiographs, and 5 horses in the diseased group. There was no significant difference in total radiographic score between the diseased group (median score 3; range: 0–9) and the control group (median score 0, range: 0–2) (p = 0.12) (see Figure 3). Ultrasonographic and radiographic scores for each individual horse are reported in Table 1. There was not a significant correlation between ultrasonographic and radiographic scores in the entire group (Pearson correlation: 0.4, p = 0.11, 95% CI −0.09–0.74), nor in the diseased group (Pearson correlation: 0.4, p = 0.60, 95% CI −0.91–0.98) or the control group (Pearson correlation: 0.53, p = 0.07, 95% CI −0.03–0.84). Interobserver agreement in assignment of ultrasonographic scores was good at 0.79. ROC analysis identified a sensitivity of 67% (95% CI 0.333–1) and specificity of 92.3% (95% CI 0.462–1) for the identification of bacterial pneumonia utilizing an ultrasonographic score cutoff of 37 (see Figure 4). This score was applied retroactively to allow for the calculation of accuracy. Accuracy of the ultrasonographic score when compared to clinical diagnosis was 81.8% (95% CI 0.597–0.948). One patient in the control group scored >37 (patient 2), and 3/11 exams in the diseased group scored below 37 (patients 14, 15, 17). Using an ROC cutoff of 2.5 for radiographic score sensitivity was maximized at 57.1% (95% CI 0.286–0.857) and specificity was 100% (95% CI 0.23–1). There was not a significant difference between sensitivity (p = 1) and specificity of the ultrasonographic or radiographic scores (p = 1) when applying the cutoff values from ROC analysis. See Figure 5 for example of ultrasonographic and radiographic image of a patient in the study.
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FIGURE 2
 Boxplot illustrating LUS score between control and diseased group. *indicates statistical significance. Significance p < 0.05.
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FIGURE 3
 Boxplot illustrating radiograph score between control and diseased group. Significance p < 0.05.



TABLE 1 Ultrasonographic and radiographic findings for controls (healthy horses) and diseased horses (horses with bacterial pneumonia).
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FIGURE 4
 Radiographic (A) and ultrasonographic (B) image from corresponding sites on a patient in the diseased group. In the caudoventral portion of the lung, the radiograph was classified as having normal/not different presence of a vascular pattern (score of 0), a moderate presence for interstitial and alveolar patterns (score of 1 for each pattern), and a marked presence of a bronchial pattern (score of 2). The total radiographic score for this patient was 9. The ventral portion of right ICS 7 was given a comet tail score of 3 and a score of 4 for the presence of pulmonary consolidation. The total US score for this horse was 283.
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FIGURE 5
 Receiver operating characteristic curve for LUS score to predict presence or absence of lower respiratory tract disease. The optimal cutoff score of 37 gave a sensitivity of 67% and specificity of 92.3%.


The cranial and ventral portions of each hemi-thorax tended to be more strongly correlated with the overall score for each side and the total TUS than more caudal and dorsal sub-sections (see Table 2 for all correlations).


TABLE 2 Correlation coefficients between specific subsections of each hemithorax and the total overall thoracic ultrasonographic score.

[image: Table 2]

Comet tails were the only lesions identified in control horses, with the exception of one horse that had consolidation in 2 intercostal spaces (see Table 1 for complete individual lesion scores). Therefore, only the number of comet tails per ICS and the number of ICS that contained comet tails were compared between groups. There were significantly fewer comet tails per ICS (p = 0.01) in the control group (median 0.67 comet tails per ICS; range 0.16–2.04) when compared to the diseased group (median 1.62 comet tails per ICS; range 0.52–5.2). Control horses did not have a statistically significantly different number of ICS that contained comet tails when compared to the diseased group (control: 11 ICS with comet tails (range 5–17), diseased:13 ICS with comet tails (range 7–26); p = 0.09).




Discussion

The ultrasonographic score developed for this study provided an objective measure for differentiating healthy horses from those with bacterial pneumonia and allowed for correlation between TUS and radiography. The ultrasonographic score had similar sensitivity and specificity for the identification of bacterial pneumonia when compared to radiographic score, suggesting that in many horses the addition of thoracic radiographs may not be necessary to identify evidence of disease.

In human medicine, TUS has been shown to be an effective standalone diagnostic modality for pulmonary disease and injury (24–27). Thoracic ultrasonography is non-invasive and convenient, does not expose patients to radiation and can easily be taught to inexperienced ultrasonographers with adequate diagnostic results (27). When thoracic ultrasonography and radiography were compared to each other and to computed tomography (CT) in 144 adult human patients with acute pneumonia ultrasonography had a significantly higher sensitivity (95%) than chest radiography (60%, p < 0.01) (24). Ultrasonography also had 100% accuracy in identifying patients with pneumonia whereas radiography had only 52% accuracy when each was compared to chest CT (24). Severity of lesions identified on TUS also correlate well with chest CT in patients with pneumonia caused by COVID-19 (12, 15, 28).

There have been multiple studies investigating the benefit and diagnostic accuracy of utilizing TUS as the primary imaging modality in non-equine species for the identification of cardiogenic pulmonary edema, bronchopneumonia, and trauma (2–6). Thoracic ultrasonography has high sensitivity (90%) and specificity (93%) when compared to radiography for the identification of cardiogenic pulmonary edema in dogs with chronic valvular heart disease and had higher sensitivity and specificity than thoracic radiography for the diagnosis of pulmonary contusions in dogs following motor vehicle trauma (2, 6). In Holstein calves, TUS had a sensitivity of 94% and specificity of 95% for the identification of subclinical lung lesions that were confirmed on post-mortem examination (3).

Thoracic ultrasonography and radiography have been compared in the diagnosis of Rhodococcus equi pneumonia in foals and pneumothorax in adult horses, but not in bacterial pneumonia in adult horses. In foals, TUS has been advocated as a screening tool for diagnosis of pulmonary abscessation caused by R. equi pneumonia and was an accurate alternative to radiography in two studies (7, 10). The only direct comparison to date between thoracic radiography and ultrasonography in adult horses evaluated 6 horses in which small-volume pneumothorax was experimentally induced. In that study, the diagnostic sensitivity of M-mode (84%) and 2D-mode (80%) TUS was significantly higher (p = 0.02 and 0.04, respectively) than thoracic radiography (48%) (8).

Several scoring systems have been developed to objectively evaluate TUS images and to quantify specific lesions in humans, small animals, dairy calves and horses (3–6, 11–18, 29, 30). The benefit of an objective scoring system is increased consistency of imaging interpretation, more rapid assessment and monitoring of clinical patients, and the ability to compare imaging modalities in research settings. Ultrasonographic scores have been employed in the COVID-19 pandemic to allow for risk assessment, triage, and monitoring of patients with pneumonia (11–15). In veterinary medicine, TUS scores have been developed for use in dogs with cardiac disease, aspiration pneumonia and thoracic trauma, and in bronchopneumonia in calves (3–6, 16). Specifically in horses, TUS scores have been developed to evaluate and describe horses with specific disease processes, including Equine Influenza Virus, Rhodococcus equi, and equine asthma syndrome (10, 29, 30). However, no system has been developed to specifically differentiate horses with bacterial pneumonia from healthy controls and to compare TUS to radiography and to account for multiple lesion types.

Ultrasonographic scores in other species focus heavily on the presence and number of B-lines, the artifact referred to as comet tails in equine medicine (31, 32). In the scoring system described here, the authors chose to include comet tails, pulmonary consolidation and pleural effusion to provide a more complete assessment of bacterial pneumonia. Pulmonary consolidation and pleural effusion are observed in more severe pulmonary disease, whereas comet tails may be the only observed lesions in mild disease (22). A score that involves multiple types of lesions can allow for more effective classification of disease and can identify minor changes over the course of clinical disease.

Sporadic comet tail lesions have been documented in healthy horses and were also noted in the control horses in this study (29). With the exception of one control horse that had a focal region of consolidation, the only lesions present in control horses were comet tails. In human medicine, the presence of 3 or more B-lines in one region of the lung is considered abnormal, which supports the clinical impression that a low number of comet tails can be considered normal in the horse (31, 33). Every horse in the control group of this study had at least one intercostal space where comet tail lesions were noted, but the median number of comet tails per intercostal space in the control group was 0.67 (range 0.16–2.04) and did not exceed 3. By applying the cut-off TUS score of 37, an inexperienced ultrasonographer may be able to more readily differentiate a horse with bacterial pneumonia from a healthy horse with a clinically insignificant number of comet tails.

The use of zones or standardized points of evaluation when performing TUS has been applied in human medicine and provides a more rapid and targeted method of assessment than a scan of each individual ICS in emergency settings (30, 31, 34, 35). In the data reported here, scores from the right and left dorsal and ventral ICS 3-8 regions were most highly correlated with the total score for the respective sides and the overall scores than the more caudal regions. The cranioventral region (LV ICS 3-8, RV ICS 3-8, RV ICS 3-9) score on each side was the most highly correlated with the total score for that side (correlation coefficients: R 0.88, L 0.87) suggesting that a brief, targeted examination focused on the cranioventral lung fields may provide sufficient information to rapidly diagnose horses with bacterial pneumonia in an emergency setting.

The main limitation of this study was the small number of subjects. Enrollment of subjects was dependent upon hospital caseload, so varied substantially over the enrollment period. Due to the clinical nature of this study, enrolled horses were often being treated by the investigators, and thus were aware of the diagnosis, which may have biased interpretation of ultrasonographic findings. However, by establishing an objective means of quantifying changes identified on ultrasound, this bias was reduced. Despite knowledge of the patient's diagnosis, ultrasonographers (KHW and KD) were not present for exams performed by the other ultrasonographer and were blinded to each other's scores. Two horses included in the diseased group were enrolled twice leading to a total of 11 ultrasonographic examinations in the diseased group. However, examinations were performed at least 2 weeks apart when their clinical disease was likely to have changed significantly, and earlier scores were not reviewed prior to the examination to avoid bias. Demographic data for these 2 horses was only included in analysis once. Six of 11 ultrasonographic examinations in the diseased group did not have concurrent radiographs performed, which may explain why the difference in radiographic score between healthy (median score 0) and diseased horses (median score 3) did not reach statistical significance. It is possible that with a larger number of subjects, the differences in radiographic score would be statistically significant.

The data presented here supports growing evidence in small animal and human medicine that point-of-care TUS provides a rapid and sensitive method for the diagnosis of pneumonia in adult horses without the addition of radiography. The ultrasonographic score described here was able to readily differentiate horses with confirmed bacterial pneumonia from healthy horses with a calculated accuracy of 81%. Additionally, there was no significant difference in sensitivity and specificity of ultrasonography and radiography. By utilizing the ultrasonographic scoring system described here and applying the cut-off score of 37, practitioners can readily distinguish healthy horses from those with bacterial pneumonia. Future studies are warranted to compare TUS scores between equine asthma and bacterial pneumonia to assess the utility of the score in differentiating between the two disease processes, but by quantifying multiple types of lesions (comet tails, pulmonary consolidation and pleural effusion), it is plausible that the score could be applied in the evaluation of horses presenting for evaluation of lower respiratory disease. It is important to note that TUS is unable to identify lesions that do not extend to the pleural surface. However, in bacterial pneumonia of adult horses it is rare for deep lesions, such as abscessation, to be present without accompanying comet tails, consolidation or pleural effusion (1, 22). Therefore, TUS can be recommended as an accurate method for the initial identification of bacterial pneumonia in many cases without the need for immediate additional imaging in the field setting where radiography of the thorax is often impractical.
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SCC categories; DIM, days in mik; UQ + SP. fixed effect of scanning plane for each
quarter; SO, fixed effect of scanning order; SO x (UQ + SP) is the fixed effect of the

interaction between SO and UQ + SP.
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Effect

SCC (cells/mi)
<200,000
200,000-500,000
500,000-800,000
800,000-5,000,000
5,000,000
DIM/day

5-90

91-180

181-270

271-349

Parity

1

23

46

Season

Spring (Apri)
Summer (July and August)
Auturnn (Noverber)
Winter (January)
uQ +sp

Left front coronal
Left front sagittal
Left back coronal
Left back sagittal
Right back coronal
Right back sagittal
Right front coronal
Right front sagittal
so

Before milking

After milking

PSD

24.46 £0.24
25.40 £0.31
25.64 +0.44
26.88 £0.23
27.12 £0.37

26.56 % 0.18
25.75 £ 0.24
25.85 +0.40
25.43 £0.44

25.95 £ 0.24
25.72 +£0.21
26.02 £0.33

25.37 £0.24
2717 £0.28
24.98 +0.24
26.07 +0.41

26.43 +0.34
27.09 £0.34
24.67 +0.36
24,68 £0.35
25.55 £0.33
25.64 +0.33
25.83 £0.33
27.61+£0.33

25.63 £0.22
2627 £0.22

NPVs

61.38 £ 1.01
50.81 +1.33
61.51 +1.89
63.91 £ 0.98
62.54 + 1.56

72.96 £ 0.76
64.63 £ 1.03
55.25 + 1.69
54.47 +1.85

57.05 + 1.00
63.57 + 0.90
64.87 £ 1.39

47.74 £1.01
64.04 £ 1.21
66.18 + 1.00
69.35 £ 1.75

60.11 £ 1.45
60.38 + 1.45
57.41+1.48
63.90 + 1.50
63.73 £ 1.39
68.38 + 1.40
59.27 £1.39
61.45 £1.39

62.73 £ 0.95
60.93 £ 0.93
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Variable

Pre-milking coronal NPVs
Pre-milking coronal PSD
Pre-milking sagittal NPVs
Pre-milking sagittal PSD
Post-milking coronal NPVs
Post-milking coronal PSD
Post-milking sagittal NPVs
Post-milking sagittal PSD

0.00626
0.30734
—0.00828
0.4224
0.00126
0.27354
0.02105
0.26595

p-value

0.9129
<0.0001
0.885
<0.0001
0.9825
<0.0001
0.7128
<0.0001
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Input variable Adjusted R2 Equation p-Value

Pre-miking sagittal PSD 0.84 Y = 0.19445x <0.0001
Pre-milking coronal PSD 0.82 Y = 0.20065x <0.0001
Post-milking coronal PSD 0.82 =0.19165x <0.0001

Post-miling sagittal PSD 0.82 Y =0.18708x <0.0001
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Time Saline IM Pimobendan IM Pimobendan IV
(min)

Mean 95%CI P-value Mean 95%CI P-value Mean 95%CI P-value
HR (beats/min)
15 214 —1.09 537 018 020 —3.04 343 090 2.50 —073 572 012
30 404 097 711 0.01 379 072 686 0.02 317 011 624 0.04
5 362 0.00 7.23 0.05 340 —0.22 7.01 0.06 1.66 ~195 526 034
60 650 170 1130 0.01 3.90 ~0.90 8.70 010 ~0.40 —5.19 439 086
75 632 ~031 12.96 006 ~076 ~7.39 588 081 4.60 -202 1122 016
%0 8.26 345 13.07 0.002 5.96 114 1077 0.02 379 —101 859 011
105 878 269 14.88 0.01 9.00 290 15.10 0.01 655 047 1264 0.04
120 1031 283 17.80 0.01 1083 334 18.32 0.01 6386 ~0.61 1433 007
SBP (mmHg)
15 -2.10 ~8.26 106 048 202 —8.43 439 051 —0388 -7.32 556 078
30 058 —4.15 532 0380 -290 -7.8 203 023 —435 ~9.30 059 008
5 ~385 ~9.39 170 016 —4585 ~10.62 092 0.09 ~130 ~7.10 450 064
60 —382 —11.67 403 031 -381 —11.97 435 033 0.46 —774 867 091
75 —3.16 —1125 493 0.42 —103 —1244 438 032 —131 ~9.76 7.15 075
%0 0.00 ~7.36 7.37 100 —6.13 ~1379 153 o1 271 ~10.40 499 046
105 —097 —9.64 7.70 081 274 —1175 628 053 —062 —9.69 844 089
120 0.86 -7.17 .89 082 -379 -12.13 456 035 0.76 ~7.63 915 085
MAP (mmHg)
15 0.93 -237 423 055 025 ~3.06 357 087 032 -3 374 085
30 3.08 ~028 643 007 ~045 —3.82 292 078 ~130 —478 219 044
45 219 ~1.19 556 019 ~059 3.9 280 071 -126 —477 225 045
60 Led -278 606 044 ~L18 —5.62 326 058 ~0.46 ~5.05 413 083
75 199 —1.88 586 029 ~196 ~5.86 193 030 ~052 —454 350 078
9 264 —131 659 017 -231 —6.28 166 023 —099 -5.10 a 061
105 231 —248 7.10 032 015 —4.67 497 095 —062 ~5.60 435 079
120 323 ~1.08 7.54 013 ~078 —5.12 355 070 056 -39 503 079
DBP (mmHg)
15 0.69 —347 485 073 -217 —6.19 186 027 147 —268 563 046
30 354 ~0.90 7.99 o1 ~3.00 ~7.30 130 016 —021 —465 423 092
5 302 —091 694 0.12 -217 —5.96 163 024 —1.85 -578 207 0.33
60 151 -223 525 0.40 —367 -7.28 —005 0.05 —L18 492 256 051
75 157 -193 5.08 035 —433 -7.72 094 0.02 -157 —5.08 193 035
90 272 -125 6.69 0.16 —467 -850 —083 0.02 -1.39 —5.35 2.58 0.47
105 156 ~248 5.60 0.42 ~1.00 —491 291 059 ~1.56 ~5.60 248 0.42
120 164 -220 548 037 -217 —5588 155 023 —048 —432 3.36 079

Test for change from Time 0 in the repeated measures ANCOVA (time effect, group effect, and timegroup interaction) (least significant difference). P-value of 0.05 is considered significant. 95% CI: 95% confidence interval. HR, heart rate
blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure. Bold values idicated that the P value < 0.05.
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Time Saline IM Pimobendan IM Pimobendan IV

Mean 95%CI P-value Mean 95%CI P-value Mean 95%CI P-value

aV (cm/s)
15 171 -283 625 043 324 -1.50 7.98 0.17 4.34 —0.40 9.07 0.07
30 3.03 ~136 742 016 213 ~245 671 034 639 182 1097 001
45 247 —1.80 6.75 0.24 475 0.29 9.21 0.04 8.36 3.90 12.81 0.001
60 289 -233 811 026 693 148 1238 0.02 7.23 178 1267 0.01
75 379 —-1.87 9.44 0.17 7.66 1.76 13.57 0.02 7.89 2.00 13.79 0.01
90 459 040 878 0.03 9.03 4.66 1341 <0.001 1.73 7.36 16.10 <0.001
105 443 -172 10.58 0.15 12.44 6.02 18.86 <0.001 15.18 877 21.60 <0.001
120 7.55 267 1242 0.01 1318 8.10 18.27 <0.001 12.07 699 1715 <0.001
eV (em/s)
15 2.84 =3.04 872 0.32 7.23 1.28 13.17 0.02 12.35 7.07 17.62 <0.001
30 333 —5.92 12.59 045 7.35 —201 1671 o1 2033 12.03 28.63 <0.001
5 3.03 —9.07 15.14 060 1239 0.14 2463 0.05 26.09 1523 36.94 <0.001
60 6.65 =517 18.47 0.25 19.20 725 3116 0.004 31.05 2045 41.66 <0.001
75 3.60 —5.14 1233 039 3489 26.05 373 <0.001 3351 4135 <0.001
90 6.04 -5.79 17.86 029 23.87 1191 35.83 <0.001 31.22 20.61 41.82 <0.001
105 7.51 —4.19 1922 019 3528 2344 4711 <0.001 3488 2438 4538 <0.001
120 475 —434 1383 028 28.63 1944 3781 <0.001 35.61 27.46 4375 <0.001
¢ (cm/s)
15 0.07 ~036 050 074 041 ~0.03 084 0.06 075 031 118 0.002
30 041 ~058 139 039 0.64 ~035 164 019 194 094 293 0.001
5 0.16 ~0.94 126 076 0.76 ~035 187 016 214 103 325 0.001
60 —0.04 —118 110 0.94 1.85 0.70 3.00 0.004 285 171 4.00 <0.001
75 ~0.04 —148 140 095 168 023 313 0.03 2.96 151 441 0.001
90 051 —0.61 162 034 259 147 371 <0.001 2.95 183 407 <0.001
105 0.06 -126 137 093 213 081 345 0.004 328 196 460 <0.001

0.01 ~L18 120 099 251 131 371 0.001 278 158 399 <0.001

07 00 14 0.04 015 —051 081 063 010 140 0.03
30 03 -10 15 066 0.08 ~1.10 127 088 074 —043 192 019
45 05 =05 14 029 045 —0.48 137 0.32 L15 024 2.06 0.02
60 12 —0.1 24 0.06 0.00 ~118 118 099 108 —008 225 0.07
75 1.0 =02 23 0.11 1.51 027 275 0.02 131 0.09 2.54 0.04
90 05 —04 14 024 0.00 ~0385 085 099 0.85 0.01 169 005
105 L1 —0.1 23 007 L2 023 261 0.02 094 023 212 011
120 06 —02 15 013 071 —0.12 153 0.09 123 041 204 001
pV (cm/s)
15 7.95 245 1344 0.01 9.95 455 1534 0.001 13.49 1881 <0.001
30 1294 447 2141 0.01 2488 1656 3320 <0.001 28.26 3646 <0.001
45 16.05 5.88 26.21 0.004 28.62 18.63 3861 <0.001 48.58 58.42 <0.001
60 1161 ~520 2842 0.16 33.02 1650 4953 <0.001 60.08 76.35 <0.001
7 15.00 054 2945 0.04 60.45 4625 74.65 <0.001 63.69 77.68 <0.001
90 15.46 205 2887 0.03 70.63 57.45 8380 <0.001 5521 68.19 <0.001
105 272 671 3872 001 68.68 5295 8440 <0.001 55.25 7074 <0.001
120 2672 16.94 36.50 <0.001 59.90 50.29 69.51 <0.001 63.88 54.41 73.35 <0.001
SV (ml)
15 046 —073 165 042 224 1.00 347 0.002 158 039 276 001
30 119 —043 281 014 386 218 553 <0.001 427 265 588 <0.001
45 222 0.60 383 0.01 4.69 3.01 6.37 <0.001 6.24 4.63 7.86 <0.001
60 128 ~L14 3.69 028 573 322 824 <0.001 7.70 528 1011 <0.001
75 232 —0.35 499 0.08 937 6.60 1215 <0.001 7.12 445 979 <0.001
90 196 -0 102 0.06 1169 9.55 1384 <0.001 663 456 8.69 <0.001
105 257 126 388 <0.001 873 7.37 1010 <0.001 627 496 7.58 <0.001
120 226 031 4.20 0.03 9.33 7.31 11.35 <0.001 6.95 5.00 8.89 <0.001
CO (L/min)
15 016 001 032 0.04 022 005 039 0.01 024 0.08 040 001
30 0.17 —0.05 0.40 0.12 0.49 024 0.73 <0.001 0.50 027 0.73 <0.001
a5 032 -0.17 080 018 083 031 134 0.004 0.67 018 116 001
60 024 —0.07 056 012 062 029 0.96 0.001 076 044 108 <0.001
75 0.34 -0.07 075 0.10 0.65 153 <0.001 0.82 0.40 123 <0.001
90 039 0.06 072 0.02 086 156 <0.001 0.90 057 123 <0.001
105 047 018 076 0.004 072 133 <0.001 090 0.60 119 <0.001
120 042 007 077 0.02 077 152 <0.001 092 056 128 <0.001
SVR (dyne-s/cm™%)
15 —180.5 —4722 112 021 3937 -7143 -730 0.02 —5125 -8182 —2068 0.003
30 ~168.6 —4326 95.3 0.19 —682.8 ~9729 -3927 <0.001 ~985.0 —1261.6 ~708.4 <0.001
15 —4149 ~7260 ~1039 0.01 —8337 —11757 —4918 <0.001 —12837 ~1609.8 ~957.7 <0.001
60 —337.8 —657.0 —18.7 0.04 —853.6 —12044 =502.7 <0.001 —1315.7 —1650.2 —981.1 <0.001
75 —4424 ~891.6 68 0.05 ~12704 ~17642 ~7766 <0.001 ~1306.4 ~17772 ~835.6 <0.001
90 —427.1 ~749.0 —1052 0.01 —14045 —17584 —10507 <0.001 —1368.9 —17063 —1031.5 <0.001
105 —183.0 —853.8 —1122 0.01 ~1193.0 ~16006 ~7854 <0.001 —1353.8 —17424 —965.1 <0.001
120 ~537.4 ~774.6 ~3002 <0.001 ~13002 ~1561.0 ~1039.4 <0.001 ~1358.9 ~1607.6 ~11103 <0.001

Test for change from
aV, atrial systolic wave
vascular resistance.

¢ 0in the repeated measures ANCOVA (time effect, group effect, and
; eV, the early diastolic wave; ¢, the diastolic early mitral ring velocit
Bl walknes il cate thievalimes which ase less than 0.05.

‘group interaction) (least significant difference). P-value of 0.05 is considered significant. 95% Cl: 95% confidence interval.
The eV/€ (E/¢') early mitral inflow to diastolic annular tissue velocity; pV, the peak aortic velocity; SV, stroke volume; Co, cardiac output; SVR, systemic
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Variables Unit Baseline Post-xylazine P value Effect size (rc)

EDV ml 38.5(22.5-57) 40 (26-57.5) 0.72 0.167
ESV ml 104 (2.5-14.5) 9.4 (5.1-14.5) 0.30 0.333

EF % 76.8 (49.9-91.3) 742 (60.9-85) 071 0.056
ES % 39.2(31.9-55.7) 36.45 (27-46.6) 0.09 0786
LA/Ao 155 (12-1.7) 16(1.2-2.2) 0.05 0751
RVOT mm 15.0 (12.7-16.7) 15.75 (13.5-18.6) 0.7 0556
LVOT cm 14.1 (10.5-15.7)* 16.75 (15-17.9) 0.02 0833
HR pbm 1125 (100-166)* 94.5(73-103) 0.03 0944
co V/min 25(1.9-4.1) 235(12-3.6) 042 0222
E cm/s 57.1(37.7-69.7) 44.65 (37-55.7) 0048 0778
A cm/s 54.65 (43.8-57.5)" 393 (28.1-51.3) 0013 10
E/A 1.01(08-1.6) 125 (0.8-1.5) 0.15 0.667
DecT ms 99.8 (62-162) 160.6 (111.7-222) 0.02 0944
¢ Sep cm/s 852 (5.5-11.3) 855 (6.8-9.7) 097 0.056
o Sep em/s 10.1(5.2-138)" 65 (4.7-10.5) 0.03 0833
e/ Sep 083 (05-1.8) 14(08-1.8) 0.04 0833
E/e’ Sep 625 (5.1-10.4) 575 (4.1-6.5) 0.06 0722
¢ Lat em/s 12.4(93-152)" 10.6 (6.7-13) 0.03 0611
o’ Lat cm/s 1057 (7-16.6) 922(56-11.3) 023 0722
¢/l Lat em/s 1.4(0.6-2.1) 125 (0.71-197) 0381 0.028
E/e’ Lat cm/s 455 (2.8-7.0) 435 (3.4-5.9) 083 0.056
LVL mm 3610 (29.76-40.14)"* 42.01 (40.1-47.2) 0.008 0.889

Values are presented as median (data range). The comparison was done betw same individuals at the baseline and 20 min post-xylazine injection
(n=8)."p < 0.05. rc, ranked biserial correlation. EDV, end- fractional shortening; LA/Ao, left atrial diameter to aortic
diameter ratio; RVOT, right ventricular outflow tract; LVOT, left ventricular outflow tract; HR, heart rate; CO, cardiac output; E, the early diastolic velocity of mitral inflow; A, late diastolic
velocity of mitral inflows E/A early to late mitral inflow ratio; De ue velocity, Sep, septal, Lat, lateral. LVL, left ventricular length.






OPS/images/fvets-09-935437/fvets-09-935437-t002.jpg
Variables

‘otal IVPD

Basal IVPD
Mid-to-apical IVPD
Mid IVPD

Apical IVPD

Total IVPG

Basal IVPG
Mid-to-apical IVPG
Mid VPG

Apical VPG

Color M-mode echocardiography-derived variables in goats (n = 8). CV, coefficient of variation; CI, confidence interval; IC

by mmHg,

Mean=£SD

202041
067 £0.14
114024
0.82£0.17
032%0.10
078 +0.13
02940.07
0.4940.06
03640.06
0.15%0.04

95% CI of mean (L-U)

1.55-2.49
055-0.80
091-1.36
0.66-0.97
0.24-0.41
0.67-0.88
024-0.35
0.44-0.53
030-0.41
0.11-0.18

Between cycles

2024
2054
2129
2052
3181
1622
2390
11.69
17.95
2952

95% CV

Between time

23.04
1163
13.66
14.11
17.27
172
1222
681
10.99
19.66

IcC

091
080
094
094
070
082
0381
077
070
0.69

intraclass correlation coefficient. All variables are measured
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Variables

Total
¥4
HR 0615° 0013
EDV —0115 0672
E 0226 0399
A 0453 0,078
E/A —0219 0416
DecT —0326 0217
¢ sep —0.165 0542
o sep 0168 0535
I Sep —0283 0289
E/¢ Sep 0279 0296
¢ Lat 0361 0170
o Lat 0373 0155
¢/l Lat 0027 0922
E/¢ Lat —0150 0579
L —0506"  0.046

Spearman’s correlation (r) bet

Basal
rs P
0472 0.066
—0250  0.349
0256 0.339
0297 0264
—0018 0947
0076 0.778
—0330 0212
—0.149 0583
—0034  0.901
0404 0.121
0539° 0031
0090 0741
0251 0.349
—0296 0266
0224 0405

1VPD and IVPG is

Mid-to-apical

Is

0266
~0.103
0.141
0.176
0078
0088
~0.159
0202
—0287
0311
0277
0.409
—~0.093
—0.050

—-0226

IVPD

P

0316
0.705
0.602
0513
0774
0.745
0556
0.454
0281
0241
0300
0115
0732
0.854
0399

Mid
s

0135
0.068
—0.147
—0.038
0138
0.168
~0.156
0.162
—0.265
0202
0246
0.567*
—0.181
—0.121
—0.141

Apical
re P
0521% 0041
—0.129 0633
0229 0393
0724 0002
—0601* 0014
—0509° 0044
0180 0506
0512 0043
—0396 0128
0050 0854
0196 0468
0343 0193
—0.178 0509
—0004 0987
—0438 0090

Total
re P
0675 0005
—0169 0528
0011 0700
0671 0004
~0736* 0001
~0.600° 0014
0043 0873
0406 0119
—0412 0113
—0163 0546
0395 0130
0064 0814
0161 0552
—0362 0168
0452 0079

ional echocardiographic measurements in goats (n = 8). *p < 0.05.

Basal
rs P
—0009 0976
0238 0373
—0371 0158
—0124 0649
—0133 0623
0226 0399
—0161 0553
0090 0741
—0176 0514
—0158  0.560
0411 0114
0274 0305
0111 0684
—0362 0168
0000 0.901

IVPG

Mid-to-apical

Is

0.492
~0.150
0.100
0432
0456
—-0221
0.156
0241
0172
—0.156
0514*
0031
0318
0281
0265

P

0055
0579
0713
0.094
0076
0412
0.564
0.368
0525
0563
0.042
0910
0230
0292
0322

Mid
s

0492
0150
0.100
0432
—0456
—0221
0.156
0241
—0.172
0156
0514
0.031
0318
—0281
~0.265

0,055
0579
0713
0.094
0076
0412
0564
0368
0525
0563
0.042
0910
0230
0292
0322

Apical

—0078
0.121
—0.409
—0332
—0012
0306
—0.082
—0.091
0016
—0307
0212
0243
0.085
—0322
0012

0773
0.656
0.116
0.209
0.965
0249
0761
0737
0952
0248
0431
0365
0753
0223
0.966
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Variables Examination intervals Reference range (11, 12)

Unit Day 0 Day2 Day 14 Day 28 Day35 Day 100
WBC 10°/e 22 98 200 66 145 17.6 7.73-186
RBC 109/t 158 520 64 800 736 911 59-112
HGB g/de 38 82 85 11.2 10.4 12.5 82-153
HCT % 12 282 311 339 332 35.1 24-46
MCV L 797 504 126 124 110 16.1 35.9-53.1
MCHC g/dl 317 304 329 330 332 34 28.1-35.8
Reticulocyte 1%/t 782 1320 103 130 512 44 3.0-500
Reticulocyte 3 50 25 02 02 07 05 02-10
PLT 10* /e 43 192 163 226 263 207 13.0-62.6
T second 9 8 - - - - 60-86
second 31 32 - - - - 120-513
mg/dl 108 202 - - - - 120-400
pg/ml 122 - - - - - <20
Negative - . .
FIV Negative - - - N .
Coombs test Negative - - - . .
ANA Negative - - - - -
FeVBPs Negative - - B - -
TP gt 65 67 68 70 75 70 54-78
Alb gt 27 28 32 36 36 34 21-33
GLU mg/de % 180 148 132 131 161 64-152
GGT 1w/ 4 - - 2 3 - 17
BUN mg/de 37 346 203 172 21 206 15-37
Cre mg/de 126 095 071 043 052 051 08-18
ALT 1ure 50 - 62 >2000 121 77 19-90
AST 1re 66 - 66 >1000 61 57 12-45
ALP 1re 75 - 34 155 110 % 9-50
Na mEq/¢ 155 149 152 154 153 155 145-159
K mEq/e 37 41 40 46 42 40 30-48
el mg/de 114 104 107 104 105 105 111-125
P mg/de 60 36 30 43 42 37 22-65
Ca mg/de 96 90 105 125 15 1.1 80-11.1
T-Bil mg/de 10 o1 [ L1 01 01 01-05

WBC, white blood cells; RBC, red blood cells, HGB, hemoglobin; HCT, hematocrit; PL, platelet count; PT, prothrombin time; APTT, activated prothrombi
feline lentivirus; FIV, feline immune virus; TP, total protein; Alb, albumin; GLU, glucos gamma-glutamyl transferase; BUN, blood urea nitrogs
‘ aspartate transferase; AL, alkaline phosphatase; Na, sodium; K; potassium; Cl, chloride; I, inorganic phosphorus; Ca, calcium; 1
:eVBPs, feline vector born pathogens.

Fib, fibrinogen; FeL,
Al
Bil, total bilirubin; ANA,

[, alanine

aminotransferase; AS’

antinuclear antibod
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Time
Group

HR, BPM
SAP, mmHg
DAP, mmHg
MAP, mmHg
E, cm/s
E,oms

6 weeks
Sham uc
298.74 + 47.14 378 + 56.29
93.41+ 15 133.58 + 13.56"
73.75 £ 6.55 104.13 £ 9.8*
80.3+£6.17 113.94 £+ 8.08*
10658+ 17.51  106.49 & 10.79
5.18£1.06 6.32 +1.42%

Sal B-UC

353.08 + 42.92¢
121.24 £ 9.45"
8850 +9.82"¢
110.36 £ 7.15"
103.26 & 14.52

6.06=1.00

Sham

310.28 + 50.06
100.53 + 15.26
732+5.63
82.31 £8.05
97.71 £ 16.91
5.48 +£ 0.6

8 weeks

uc

376.72 £ 46.1*
14412 £ 11.98"
123.93 £ 19.57*
130.66 + 13.62
106.47 + 16.2
6.16 £0.77

Sal B-UC

36461 + 45.82¢
12675 + 11.217%
10618 14.43"¢
11980+ 8.4t
99.83 + 19.44
5624053

p of group

0.000*
0.000*
0.000*
0.000*
0.054
0.024

p of time

0.605
0.134
0.000*
0.000*
0371
0.674

The echocardiographic measurements of the sham and UC groups. Two-way ANOVA was performed to test the difference between groups and fime points, and Tukey's post-hoc
tests were used for group comparisons. Significance merks were fited to compare data at each time point. * Indicates a significant difference between the sham and UC groups, The

symbol indicates the significant difference of p < 0.01, r/ndrcalers a significant difference between Sham and Sal B-UC groups, + Indicates a significant difference between the UC

and Sal B-UC groups. The significance level was p < 0.05. HR, heart rate; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAR, mean arterial pressure; E, the velocity
of early mitral inflow; E', Peak velocity of early dlastolic mitral annuier motion as determined by puised-wave Doppler. n this table, the two-way anove only include the data in 6 and 8
weeks. The full data including 2 and 4 weeks could be seen at Supplementary table S4.
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Group Sham
APS 419:£0.41
MS 1135+ 1.12
S 11.97 £1.19
APL 681067
ML 865+ 0.86
BL 10.68 % 1.06

6 weeks

uc

297 +0.41°
7.81:+1.09"
7.6+ 106"
655+ 0.91
6.55:+£091"
5.86:+082"

Sal B-UC

312£051
83136t
0294162
679 £ 1.11
623102
748£1.28"

Sham

4.08+0.48
1351+ 16
1154136
7.45+£088
9234109
7724092

8 weeks

uc

3.04+04°
89+ 1.17*
7.08 098"
5.12.+0.67"
6.19:£081°
7234095

Sal B-UC

26808
8.64 +0.96"
7.5+ 084%
7052 079"
605+ 067"
7.05£0.70

p of group

0.000"
0.000"
0.000™
0.000"
0.000"
0.000"

p of time

0.348
0.030"
0.008
0.503
0.971
0.101

Longitudinal strain rate in the sham, UC, and Sal B-UC groups. Two-way ANOVA was performed to test the difference between groups and time points, and Tukey's post-hoc tests
were used for group comparisons. Significance marks were fitted to compare data at each time point. * Indlcates a significant difference between the sham and UC groups. The **
symbol indicates the significant difference of p < 0.01. " Indicates a significant difference between Sham and UC-Sal B groups. * indicates  significant difference between the UC and
UC-Sal B groups. The significance level was p < 0.05. APS, strain rate of the apical segment of the septum; MS, strain rate of the middle segment of the septum; BS, strain rate of
the basal segment of the septum; APL, strain rate of the apical segment of the lateral free wall; ML, strain rate of the micdlle segment of the lateral free walj; BL, strain rate of the basal

segment of the leteral free wall

In this table, the two-way anova only include the data in 6 and 8 weeks. The full data including 2 and 4 weeks could be seen at Supplementary Table S4.
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Variables Pre-PDA PostPDA  P-value Effectsize
vsd 390(250-4.40)  455(@70-5100 0007  -0879
wiDd 22.65(16.40-32.20) 1955 (14.20-2520) 0001  1.000
LVPWd 335(800-480)  405(330-7.60) 0008  —-0.927
vSs 570(4.10-12.10)  6.45(4.10-10.00) 0331  -0.364
Lisd 13.00(9.50-20.10)  12.60 (8.30-18.50) 0266  0.394
LVPWs 635(4.40-7.60)  670(6.30-7.90)  0.100  -0561
HR 150.0(103-166.00)  130.0 (66.0-162.0) 0014 0818
EDV 11.5(4.40-83.00)  7.50 (290-16.00)  0.001  1.000
Esv 22(0.80-8.10) 20(060-640) 0528 0218
FS% 42.2(28.00-5550) 347 (2090-57.20) 0034 0692
LADs 12.65 (1.60-18.40) 11.0 (6.30-16.70) 0.096 0.485
Ao 9.10(1.20-10.90)  92(7.90-10.40) 0783  0.145
VAo 1.44 (1.01-1.75) 110(0.79-1.74) 0106  0.455
RVOT 770(7.50-7.90)  86(470-11.90) 0002  0.621
wor 9.15(5.70-10.90)  9.05(4.20-11.70)  0.835  -0.127
Ev 97.70 (77.80-124.50) 74.90 (51.40-104.50) 0.001  1.000
Av 67.85(58.10-89.80) 4335 (32.30-68.10) 0.001  1.000
Sm Sep 790(4.40950)  660(320-950) 0040  0.667
Em Sep 870(6.30-12.60)  6.90(4.50-10.60) 0066  0.603
EmAmSep  1.35(104-222  1.18(069-234) 0424  0.182
E/EmSep 1077 (8.10-1902) 1020 (884-13.79) 0077 0515
SFwW 7.90(6.00-1070)  7.25(370-9.90) 0436 0269
EmFW 1290 (5.70-17.80)  11.25(7.10-1690) 0226 0410
EmAMFW  20(0.99-8.98) 195(1.49-825) 0470  -0.242
E/Em FW 7.28 (5.31-17.53) 5.54 (4.20-7.41) 0.003 0.879

Values are presented as median (data range). The comparison was done between the
obteined echocardiographic measurements in the same individuals before and after PDA
occlusion. P < 0.05 was considered statistically significant.

1, ranked biserial correlation. LVIDd, LV end-diastolic diameters; LVIDs, LV end-systolic
dlameters; IVSd, interventricular septal thickness in diastole; IVSs, interventricular septal
thickness in systole; LVPWd, LV free wall thickness in diastole; LVPWS, LV free wall
thickness in systole; EDV end-diastolic volume; ESV, end-systolic volume; EF, ejection
fraction; FS, fractional shortening; LA/Ao, left atrial diameter to aortic ciamefer ratio; RVOT,
right ventricular outflow tract; LVOT, left ventricular outfiow tract; HR, heart rate; Ev, the
early diastolic velocity of mitral inflow; Av, the late diastolic velocity of mitral inflow; E/A
early to late mitral inflow ratio; S, systolic annuler velocity, Em, early tissue annulr tissue
velocity; Am, late annular tissue velocity; Em/Am, eary to late annular tissue velocity ratio.
Sep, septal wall: FW, free wall

E/Em early mitral inflow to early tissue velocity ratio.
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Variables

Total IVPD
Basal IVPD
Mid-to-apical IVPD
Mid IVPD

Apical IVPD

Total VPG

Basal VPG
Mid-to-apical VPG
Mid VPG

Apical VPG

Mean + SD

221+£037
1144024
1.13+£0.24
091017
0.19+0.07
112+ 021
0.54 +£0.10
0.56 £ 0.11
0.47 £0.10
0.099 £ 0.044

Pre-PDA
95% CI (L-U)

1.82-2.61
0.80-1.47
0.90-1.35
0.75-1.08
0.09-0.29
0.94-1.29
0.42-0.67
0.46-0.66
0.40-0.54
0.044-0.155

95% CV

168
213
213
188
369
185
188
19.1
208
448

Mean + SD

174 £0.29
0.72 £0.16
1.00 £0.20
0.77 £0.15
0.25 +0.08
0.94 £0.18
0.39 £0.08
057 £0.11
0.43 £0.08
0.133 £ 0.059

Post-PDA
95% CI (L-U)

1.82-2.61
0.80-1.47
0.90-1.35
0.75-1.08
0.09-0.29
0.94-1.29
0.42-0.67
0.46-0.66
0.40-0.54
0.044-0.155

95% CV

16.89
2163
2040
18.96
32.72
18.90
21.34
19.89
19.24
44.6

The intraventricular pressure diference (IVPD) and intraventriculer pressure gradients (VPG) indices before and after occlusion of the patent ductus arteriosus (PDA) in dogs (n = 12)
CV, coefficient of variation; Cl, confidence interval lower and upper limit).
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Variables

Total IVPD

Basal VPD
Mid-to-apical IVPD
Mid IVPD

Apical IVPD

Total VPG

Basal VPG
Mid-to-apical VPG
Mid VPG

Apical IVPG

Spearman’s correlation between conventional echocardiographic parameters and color M-mode echocardiographic indices.

HR

0.007
-0.115
0.261
0.051
0312
-0.263
-0.290
0.121
0.028
0.215

BW

0.095
-0.337
0.059
-0.089
0.024
-0.160
-0.272
-0.083
-0.148
0.047

“indicates significant correlation (P < 0.05).

Lipd

0.211
0.003
0.272
0.177
0.241

0.334
0.196
0.418*
0.317
0.351

EDV

0.192
-0.017
0.267
0.162
0.257
0.334
0.185
0.434*
0.319
0.370

ESV

0.193
-0.251
0.422*
0.044
0.677
0.166
-0.179
0.541*
0.119
0.703*

FS%

-0.087
0219
-0.270
0.026
—0.502*
0.055
0.307
-0.248
0.086
—0.420"

LA/Ao

0.140
0.237
-0.219
-0.163
-0.204
0.288
0.446%
—-0.080
-0.016
-0.074

Ev

0.470*
0.131
0.424*
0213
0.345
0.241
0.044
0.258
0.182
0.281

EmFW

-0.024
-0.192
0.157
—-0.149
0.426*
-0.038
-0.089
0314
0.187
0.454*

Em/Am FW

0.148
-0.392"
0.458*
0.146
0.633*
-0.247
—0.489"
0.434*
0.190
0.473"

E/Em FW

0.462
0.450
0.226
0.380
-0.161
0.263
0.108
-0.087
-0.010
-0.254
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Sub-section

3-9 10-17
Correlation coefficient with left-sided 085 036
score
Correlation coefficient with total score 075 038
Sub-section RVICS RV ICS
3-9 10-17
Correlation coefficient with right-sided 088 0.36
score
Correlation coefficient with total score 073 036

ercostal space; LV, left ventral; LD, left dorsal; RV, right ventral; RD, right dorsal.
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Ultrasonographic scores median (range)
Total US score

Comet tail score

Consolidation score

Pleural effusion score

Frequency of specific ultrasonographic
lesions 1 (% of total)

# of ultrasonographic exams with comet tails
# of exams with consolidation

# of exams with pleural effusion
Radiographic scores median (range)

Total radiographic score

Frequency of specific radiographic lesions
(% of total)

# of exams with presence of vascular pattern
# of exams with presence of interstitial
pattern

# of exams with presence of alveolar pattern

# of exams with presence of bronchial pattern

Control

20 (4-50)
20 (4-48)
0(0-2)
0(0-0)

13/13 (100%)
1/13(7.7%)
0/13 (0%)

0(0-2)

0713 (0%)

3/13 (23.1%)

0/13 (0%)
2/13 (15.4%)

Diseased

126 (13-353)
65(13-126)
16 (0-140)
0(0-148)

13/13 (100%)
8/11 (72.7%)
3/11(27.3%)

3(0-9)

0/5 (0%)

4/5 (80.0%)

2/5 (40.0%)
415 (80.0%)
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Parameters oh 1h
NO (umol/L) 44.93 + 1.67 53.09+2.33
TAC (mM/L) 1124005 1814022

NO, nitric oxide; TAC, total antioxidant capacity; LC, L-camitine.

“Within the same row indicates a significant difference (P < 0.05).

an

51.16 £3.23
1.87 £0.06"

24h

54.94 +3.94
1.64 £0.26"

48h

49.06 £ 4.99
1.80 £0.13"

168h

52.89 £ 4.23
275+ 058"

P-value

P>0.06
P<0.05
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Parameters

PSV (cm/s)
EDV (cm/s)

RI

Pl

TAMAX (cm/s)

Oh

3192+ 113
14.49 £ 0.88
055+ 0.03
0.84 £ 0.06
21.68 £ 0.92

1ih

24.96 4 1.85
13.80+£1.28
0.45 + 002"
0.66 + 0.06*
17.66 + 0.95*

4h

35.49 4 2.61
16.36 £ 0.74
0.49 +0.05
0.77 £0.12
23.4 £0.59

24h

29.61+2.36
14.36 + 1.06
0.47 £0.06
0.74 £0.12
20.23 +£0.92

48h

23.45 + 0.39"
12.23 +£0.49
0.47 £0.03
0.65 £ 0.05*
17.6+£0.13"

PSV, peak systolic velocity; EDV, end-dlastolic velocity; R, resistive index; PI, Pulsatilty index; TAMAX, time average maximum velocity; LC, L-camitine.
*Within the same row indicates a significant difference (P < 0.05).

168 h

23.37 & 1.41"
11.18 £ 0.84
052+0.02
0.73£0.04
16.9 £ 1.06*
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Parameters oh 1h

TE 69.40 + 4.75 78.71 £2.50*
PH 10.46 £ 0.48 9.32 £0.29

TE, testiculer echogenicity; PH, pixel heterogeneity; LC, L-camitine.
“Within the same row indicates a significant difference (P < 0.05).

4h

64.49 +2.44
1154063

24h

66.42 + 2.53
124048

48h

69.62 4+ 3.91
11.95 £0.64

168 h

88.56 + 4.10
11.34 £ 0.22
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Time

Group

IVSd, mm
LVIDd, mm
LVPWd, mm
IVSs, mm
LVIDs, mm
LVPWs, mm
FS%

VM (gm)
HW(g)
HW/BW(mg/q)
ARWT

Sham

1232007
753 +0.62
1.32+£027
2.06 £ 0.39
434405
2.32+032
4259 £ 4.63
0.62£0.11
0.85 £ 0.09
3.62+0.19
034007

6 weeks

uc

1.67 £0.35*
7.32+0.27
1.78 £ 0.54"
2294056
4.25+0.38
2.65+0.72
41.78 £ 4.99
0.91 £ 034"
147 £0.12"
6.11 +£0.20%
0.46 £0.13"

Sal B-UC

139 £0.26
7.93+05%
143 £0.36
2162046
4.48+036
289+0.18
43.58+4.19
0794028
1092 0.12"

461 £0274"

036 + 0.07r‘

Sham

1.31£0.16
7.25+£0.58
1.64 £0.33
196 +0.4
4.36 + 0.46
2.38+0.43
30.50+76
0.71 £0.11
0.88+0.12
3.62+0.24
0.41 0,07

8 weeks

uc

167408
732£054
1954053
264052

3932051

288 +0.68°

46.45 £5.41°
090+0.38
187 £042¢

5614081
0.49 £ 0.09"

Sal B-UC

157 £0.5"
7.87 +0.69*
149 £046
26340.19"
4134044
2.95+0.44"
4767 £328'
0.86+024
119+ 0424
45120847
0.39 +0.06

p of group

0.000*
0.007**
0.004*
0.000**
0.029*
0.009*
0.003*
0.011*
0.000*
0.000"
0.000"

p of time

0.073
0.423°
0.087
0.042%
0.028*
0.001*
0.157
0.151
0.001**
0.000"
0045

Echocardiographic measurements and longitudinal strain rate in the sham, UC, and Sal B-UC groups. Two-way ANOVA was performed to test the difference between groups and time.
points, and Tukey's post-hoc tests were used for group comparisons. Significance marks were fitted to compare data at each time point. * Indicates a significant difference between the.

sham and UC groups. The ** symbol indicates the significant dlifference of p < 0.01.

" Indicates a significant difference between Sham and Sal B-UC groups. * Indicates a signifiant

difference between the UC and UC-Sal B groups. The signilicance level was p < 0.05. IVSd, interventricular septum diastolic diameter; LVIDd, left ventricular internel distolic dlameter;
LVPWd, left ventriculer posterior wall diastolic diameter; FS, fraction shorting; LVM, left ventricle mass; RWT, relative well thickness; IVSs, interventriculer septum systolic diemefer; LVIDs,
loft ventricular internal systolic diameter; LVPW, left ventricular posterior wall systofic ciameter; FS, fraction shorting; LV, left ventricle mass; RWT, relative wall thickness; HW, heart
weight (); HW/BW, heart weight (mg)/body weight (g). In this table, the two-way anova only include the data in 6 and 8 weeks. The fulldata including 2 and 4 weeks could be seen at
Supplementary Table S3.
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Patient  Age

D1 1y
D2 2y
b3 10m
D4 2y
D5 6m
D6 10y
D7 1y
c 6y
c2 7y

Sex

Fl

Fl

MN

Fl

Fl

M

Fl

MN

MN

Breed

Belgian malinois

23kg

crossed-breed

Belgian malinois

Beagle

Leonberger

Dachshund

German shepherd

Domestic shorthair
cat

Domestic shorthair
cat

History

Pregnancy

Pregnancy

Antescrotal
castration

Perforating
intestinal foreign
body and
enterectomy

Adopted

Abdominal Radiographs

- Abnorml intestinal gas
distribution and plication

N/A

N/A

N/A

N/A

- Abdominal distention

- Abnormal intestinal gas
distribution and plication

- Homogeneous peripheral
fluid opacity

N/A

N/A

- Abdominal distention

- Abnormal intestinal gas
distribution and plication
Homogeneous peripheral
fuid opacity

Abdominal Ultrasound Abdominal CT

- Free anechoic abdominal fluid NA

- Hyperechoic intraabdominal fat

- Mechanical ileus

- Moderate
abdomninal lymphadenomegaly

- Free echogenic abdominal fluid focally NA
surrounding some bowel loops

- Focaly hyperechoic intraabdominal fat

- Small intestine hypoperistaltism with
stick-like foreign body

- Moderate mesenteric and medial
fliac lymphadenomegaly

- Echogenic partially loculated abdominal ~ N/A
fluid

- Hyperecholic intraabdominal fat

- Encased bowel loops

- Smallintestine hypoperistaltism with
uncertain intraluminal foreign body

- Severe jejunal and medial ilac
lymphadenomegaly

- Mass-lie tissue along the
abdominal wall

- Anechoic right periovarian fluid focally  N/A
surrounding some bowel loops and the
ovary

- Small round and distorted spleen
surrounded by a thin echogenic capsule

- Free anechoic abdominal fluid

- Encased bowel loops

- Small intestine hypoperistaltism with
intraluminal grass ball

- Severe jejunal lymphadenomegaly,
moderate medal ilac

- Mesenteric fat stranding

lymphadenomegaly
- Mass-lie tissue along the
abdominal wall
- Free abdominal fluid - Free abdominal fluid
- Hyperecholic intraabdominal fat - Encased bowel loops
- Encased bowel loops - Mesenteric fat stranding
- Smallintestine hypoperistaltism with - Equivocal thickening and
uncertain intraluminal foreign body increased contrast
enhancement of
the peritoneum
- Echogenic loculated abdominal fluid - Loculated abdominal fluid
- Hyperecholic intraabdominal fat - Encased bowel loops
- Encased bowel loops - Mesenteric fat stranding

- Moderate jejunal lymphadenomegaly
- Mesenteric echogenic mass and
duodenal mass

- Echogenic loculated abdominal fluid - Loculated abdominal fiuid

- Hyperechoic intraabdominal fat - Encased bowel loops

- Encased bowel loops - Mesenteric fat stranding

- Severe mesenteric lymphadenomegaly, - Equivocal thickening and
especially jejunal lymph nodes increased contrast

enhancement of
the peritoneum

- Free echogenic abdominal fluid NA
- Hyperechoic intraabdominal fat
- Encased bowel loops
- Moderate abdominal
lymphadenomegaly
- Mass and nodular images within
cllumped mesenteric fat
- Suspected pseudomerbranous cysttis

Final diagnosis and
outcome

Septic peritonitis
(Staphylococcus
pseudintermedius)

Intestinal perforating
foreign body

Necrotic pancreatitis,
Septic peritonitis
(Pseudomonas putica)

Ovariectomy, lateral
flank approach

Intestinal obstruction by
grass ball,

Neutrophilic enteritis
and lymphangiectasis

Scrotal leydigoma

Low grade duodenal
leiomyosarcoma.
Recheck ultrasound
exam on day 478 after
nitial presentation:
mechanical fleus

Cocei and bacillion
peritoneal capsule

Pseudomembranous
oystitis,

Septic peritonitis
(Listeria
monocytogenes)

Fl, intact female; MN, neutered male; M, intact male; N/A, not applicable.
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