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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.
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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).

[image: Table 1]


[image: Figure 4]
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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