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Use of Thoracic Ultrasonography to Improve Disease Detection in Experimental BRD Infection
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Bovine respiratory disease (BRD) is caused by complex interactions between viral and bacterial pathogens, host immune status, and environmental stressors. In both clinical and research settings, current methods for detecting BRD in calves commonly focus on visual indicators such as attitude, nasal discharge, and cough, in addition to vital signs such as rectal temperature and respiration rate. Recently, thoracic ultrasonography (TUS) has become more commonly used in clinical settings, in addition to physical examination to diagnose BRD. To assess the value of performing TUS during experimental BRD infection, 32 calves were challenged with bovine respiratory syncytial virus, to mimic a viral infection, and 30 calves were infected with Mannheimia haemolytica, to mimic a bacterial infection. TUS was performed at regular intervals using a standardized method and scoring system in addition to daily clinical scoring. Although overall correlations between clinical scores and TUS scores were generally weak (maximum R2 = 0.3212), TUS identified calves with abnormal lung pathology that would have otherwise been misclassified on the basis of clinical scoring alone, both on arrival and throughout the studies. In addition, TUS had an increased correlation with gross lung pathology on necropsy (maximum R2 = 0.5903), as compared to clinical scoring (maximum R2 = 0.3352). Our results suggest that TUS can provide additional information on calf health at enrollment and throughout a study and may provide an alternative to terminal studies, due to the high correlation with lung pathology at necropsy.
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INTRODUCTION

Bovine respiratory disease (BRD) is a leading cause of morbidity and mortality among pre-weaned dairy calves and is a major health concern among feedlot cattle (1, 2). In addition to the cost of treatment, BRD causes economic losses through reduced growth, reduced lifetime milk production, and increased mortality (3, 4). BRD results from a complex interaction between viral and bacterial pathogens, host immune status, and environmental stressors that commonly presents as a primary viral infection followed by a secondary bacterial infection. Early identification is crucial to successful treatment but difficult with current approaches to disease detection. Current detection methods primarily focus on clinical scoring, which relies on indicators such as rectal temperature, difficulty breathing, increased respiration, ear position, and nasal discharge (5). However, these indicators have a low sensitivity and specificity for lesions within the lung (6). In addition, many of these clinical signs such as temperature and depression can be caused by environmental conditions and are nonspecific disease indicators (7). Some clinical scoring methods also fail to identify calves with subclinical pneumonia if they rely on external, visual indicators associated with more obvious clinical disease. Lung auscultation performed by an experienced veterinarian can improve the accuracy of clinical scoring models; however, studies have suggested that this method may lack sensitivity for diagnosing BRD (6), and it is difficult to assign a quantitative score. In the laboratory, research of potential BRD interventions is often performed with controlled infections using clinical scoring as the main method of determining the severity of disease progression. With the current detection methods, many markers of disease severity in these intervention studies can only be observed post-mortem, limiting the ability to analyze disease progression longitudinally.

Thoracic ultrasonography (TUS) has been identified as a rapid, on-farm, validated predictor of lung lesions in pre-weaned dairy calves (8). TUS can identify calves with both clinical and subclinical pneumonia with increased sensitivity and specificity (6, 8). Limited research has been done on the detection of subclinical pneumonia, but calves that suffer from BRD early in life are known to have lower production later in life, such as decreased average daily gain, decreased carcass value, and decreased survival of heifers to first calving (2, 4). These findings suggest that the effects of lung damage persist even after clinical signs return to normal (9). Many studies of TUS and its ability to accurately detect disease within the lungs have taken place in field experiments where the exact infectious agent is unknown. The BRD monitored in these studies is likely complex with coinfections by multiple bacterial or viral agents. Thus, in uncontrolled field settings, there is little opportunity to assess the differences in changes in lung appearance as observed by TUS between bacterial or viral pneumonia and the different ways that these diseases progress within the lung.

The objective of this study was to compare TUS with clinical scoring, gross pathology, and pathogen burden in controlled infection of bovine respiratory syncytial virus (BRSV), to represent the primary viral infection, or Mannheimia haemolytica, to represent the secondary bacterial infection, in pre-weaned dairy calves. Our secondary objective was to track the progression of lung lesion development as observed by TUS throughout a controlled infection trial.



MATERIALS AND METHODS


Study Population

This study includes calves from three different trial populations. All animal procedures were conducted in strict accordance with federal and institutional guidelines and were approved by the Iowa State University Institutional Animal Care and Use Committee (IACUC protocols 18-058 and 19-081). Trial 1 consisted of 32 4-week-old, mixed gender Holstein calves that were challenged with aerosolized BRSV. Calves were colostrum-replete with BRSV titers ranging from 32 to 256 (mean 116). Calves were confirmed negative for BVDV before enrollment. Trial 2, also referred to as the Fall 2019 cohort, consisted of 16 4-week-old, mixed gender Holstein calves that were challenged with Mannheimia haemolytica. Trial 3, also referred to as the Summer 2020 cohort, consisted of 14 4-week-old, mixed gender Holstein calves that were challenged with Mannheimia haemolytica. Antibody titers to M. haemolytica ranged from 32 to 128 and did not differ between trials. The animals from all three trials were purchased from the same, single source. The animals were transported approximately 3 h from a farm in Eastern Iowa. Calves were housed individually at the farm but were comingled and house in groups of n = 4 upon arrival at the research facility. Calves were confirmed negative for BVDV before enrollment. Animals from all three trials were housed under AgBSL2 conditions at the Iowa State University Livestock Infectious Disease Isolation Facility. Calves were allowed to acclimate for 4 days before beginning the studies. Animals were fed milk replacer twice daily and had ad libitum access to food and water.



BRSV and M. haemolytica Challenge

BRSV inoculum was prepared and administered as previously described (10). Briefly, BRSV strain 375 was prepared from virus stock re-isolated from the lung of an infected animal and passaged on bovine turbinate cells less than four times. The inoculum was determined to be uncontaminated with BVDV by PCR. Calves received the inoculum via an aerosolized challenge with ~104 TCID50/ml of BRSV strain 375.

Mannheimia haemolytica was prepared and administered as previously described (11). Briefly, M. haemolytica strains NADC-D153 and NADC-D174 were grown to log phase in Columbia broth for approximately 2.5 h. Growth was then diluted 50-fold for challenge. Calves were challenged intratracheally with 25 ml of M. haemolytica in Earle's Balanced Salt Solution (EBSS) at 2 × 107 colony-forming units (CFU)/ml. All preparations were kept on ice before inoculation.



Clinical Scoring

Calves were scored for clinical illness daily using a modified University of Wisconsin calf health respiratory scoring chart (5). The original scoring chart assigns a number (0–3) to each calf for various clinical signs including fever, ear position, eye discharge, nasal discharge, and cough. Additional scoring categories that were added to the chart include expiration effort (0–3) and lung auscultation (0 = abnormal lungs sound absent, 1 = abnormal lung sounds present) (6). The scores for each day are then totaled, and a total score of ≥5 was used to indicate clinical disease. Clinical scoring was performed by one, blinded individual for the duration of the study. The humane endpoint defined by our IACUC protocol included prolonged increases in body temperature (>40.5° C for more than 48 h), inappetence for more than two feeding periods, and respiratory effort scores of 3 for more than 48 h.



Thoracic Ultrasonography

TUS was performed on days 0, 3, 7, 10, and 14 with the BRSV-challenged calves and days 0, 1, 2, 3, and 4 with the M. haemolytica–challenged calves. TUS was performed with an IBEX® EVO® (E.I. Medical Imaging, Loveland, CO) using the L7HD linear transducer probe (5–9 MHz) set to a depth of 8.7 cm for all scans with 70% isopropyl alcohol applied to the areas of interest. The thoraxes of all calves were clipped within 1 week before the start of challenge to improve image quality. Nine locations on the calf were identified for ultrasonography with five locations on the left side of the calf and four locations on the right side of the calf. Ultrasound locations were based on previously described locations of interest (12) and are shown in Figures 1A,B. Locations were observed in the same order each time beginning with the most cranial and ventral location on the left side and moving caudally and dorsally on the left side and then repeated on the right side. The first ultrasound location on the left side of the calf was identified by placing the probe so that the bottom of the probe was even with the point of the elbow and in the intercostal space (ICS) immediately caudal to the shoulder muscle. The remaining four locations on the left side of the calf were placed, as described in Table 1. On the right side of the calf, the first ultrasound location was found by again placing the probe in the ICS that was immediately caudal to the shoulder muscle with the first location on the right side even with the point of the shoulder. The remaining three locations on the right side of the calf were placed, as described in Table 1. At each location, a four second clip was recorded and stored for later image review. Images were captured by study personnel without previous ultrasound experience (MP and PM) but who were trained on ultrasound image collection by an experienced ultrasonographer [AK; diplomate, American College of Veterinary Internal Medicine (Large Animal)] at the beginning of trial 1.


[image: Figure 1]
FIGURE 1. Position of ultrasound probe and description of locations. The labeled blue locations in (A) and (B) indicate the positioning of the ultrasound probe within each ICS on the left and right sides of the calf, respectively. Location labels are derived from Rademacher et al. (12).



Table 1. Anatomical landmarks associated with each ultrasound location.
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Image Review

Images were scored by a reviewer without previous ultrasound experience (MP) who was trained on ultrasound interpretation by an experienced ultrasonographer (AK). Initial training consisted of review of images concurrently for identification of lung consolidation, pleural defects including comet tail artifacts and B-lines, pleural irregularity, pulmonary abscessation, and pleural fluid presence. A subset of images was then scored independently by the trained ultrasonographer and the trainee, and results were compared and confirmed to be consistent between reviewers. All ultrasound scoring utilized in this study was thereafter performed by the trainee; the final review of any substantially discordant results between necropsy scoring and TUS was also performed on as needed basis by the experienced ultrasonographer. Ultrasound clips for each location were scored for presence of pleural defects and depth of consolidation. Pleural defects were assigned a score of 0–3, 0 = no comet tails/B-lines observed; 1 = one to two comet tails/B-lines observed; 2 = three to five comet tails/B-lines observed; 3 = six and above comet tails/B-lines observed. Depth of consolidation was also assigned a score of 0–3 based on the maximum depth of consolidation seen at each location: 0 = no consolidation, 1 = <2 cm of consolidation, 2 = >2 cm but <4 cm of consolidation, and 3 = >4 cm of consolidation. Once all nine locations for a day were scored, the scores for presence of pleural defects were combined for a final pleural defect score and the maximum consolidation depth seen in any of the nine locations on each day was assigned as the final depth of consolidation score. Calves were assigned a final ultrasound score for the day on a scale of 0–4: 0 = no consolidation present, final pleural defects score of <5; 1 = no consolidation present, final pleural defects score >5; 2 = final depth of consolidation score of 1; 3 = final depth of consolidation score of 2; 4 = final depth of consolidation score of 3.



Necropsy

BRSV-challenged calves were humanely euthanized on day 14 after infection or as clinical symptoms deemed necessary. M. haemolytica–challenged calves were euthanized on day 4 after infection or as clinical symptoms deemed necessary. All were euthanized by barbiturate overdose using sodium pentobarbital administered at 100 mg/kg. On necropsy, the lungs were removed, and 11 lobes (left cranial, right cranial, middle, upper right caudal, middle right caudal, lower right caudal, lower left caudal, middle left caudal, upper left caudal, accessory, and left cranial caudal lobes), as shown in Supplementary Figure 1, were assessed for the presence of lesioned lung on a percent basis. Lung tissue was assessed for any visual changes to the surface of the lung and palpated for any changes to lung texture. Necropsy data were not included from BRSV-challenged calves that were euthanized before day 14. To identify the lung lobes that were captured on ultrasound, the calf was placed on its side, the ultrasound locations were identified, as shown in Supplementary Figures 2A,B, and Trypan blue dye was injected into the lung tissue. Once the lungs were removed from the calf, the blue injection sites were identified and marked, as shown in Supplementary Figures 2C,D. Five lobes of interest were identified: left cranial, left cranial caudal, upper left caudal, right cranial, and middle.



Real-Time PCR and Quantitative Culture

Viral load was determined in lung tissue and nasal swab samples by quantification of BRSV NS2 copy number, as previously described (13).

Briefly, randomly selected samples, ~0.5 g each, lesioned and non-lesioned lung tissues were collected from two separate lung lobes each calf and stored in RNAlater (ThermoFisher). RNA was then isolated and pooled from the separate locations (lesioned samples pooled together, non-lesioned lung tissues pooled together) using Trizol Reagent (Life Technologies) and then cleaned up using a Qiagen RNeasy isolation column, as described (14). Nasal swabs samples were collected from the upper nasal cavity of BRSV infected calves on days 0, 3, 7, 10, and 14 after infection. Viral RNA was isolated from nasal swab samples using the MagMax Viral Isolation Kit (Applied Biosystems, Life Technologies). cDNA synthesis and quantitative rtPCR reactions were carried out with the TaqMan RNA-to-CT 1-step-kit (Applied Biosystems) according to the instructions of the manufacturer. Primers and probes for the BRSV NS2 gene and the bovine RPS9 gene have been published (13). Reactions were performed using a ThermoFisher QuantStudio 3 Real-Time PCR machine under previously described cycling conditions (10). Standard curves for NS2 and RPS9 genes were run in parallel with test samples, and all were run in duplicate. Viral NS2 copy numbers were calculated using standard curves and normalized to RPS9 to account for differences in input materials.

Quantitative culture for M. haemolytica was performed, as previously described (11). Briefly, lung tissue samples were ground in EBSS to produce a homogenized suspension that was then diluted 10-fold in EBSS. The dilutions were then spread on blood agar base plates containing 5% defibrinated bovine blood and incubated overnight at 37°C. Colonies with typical M. haemolytica morphology were enumerated, and representative colonies were selected for plate agglutination. Cotton-tipped applicators were rolled on half of a fresh blood agar plate then a sterile loop was used to semi-quantitatively streak for isolation on the remaining two quarters.



Statistical Analysis

Statistical analysis was performed using Prism v9.0.1 (GraphPad Software, Inc.). Data were analyzed using linear regression and R values were calculated using the Pearson method.




RESULTS


Infection Models

In the first trial, 32 4-week-old, mixed gender Holstein calves were infected with BRSV strain 375 via aerosol inoculation. Calves were monitored daily and assigned a clinical disease score on the basis of an adapted University of Wisconsin calf health scoring model. TUS images were collected on days 0, 3, 7, 10, and 14 after infection. Because of elevated clinical disease scores, two calves were euthanized on day 6, and four calves were euthanized on day 7. The remaining 26 calves were euthanized on day 14 after infection. As shown in Figure 2A, both clinical disease and TUS scores peaked on day 7 after infection. Clinical scores gradually decreased through day 14; however, ultrasound scores remained elevated for the remainder of the study.


[image: Figure 2]
FIGURE 2. Timeline of experimental BRSV and M. haemolytica infection. Calves were challenged with either BRSV (A) or M. haemolytica (B). Unless clinical signs necessitated earlier euthanasia, calves challenged with BRSV were euthanized on day 14 after infection, whereas calves challenged with M. haemolytica were euthanized on day 4 after infection. All calves were assigned a clinical score each day by a trained observer based on fever, eye and nose discharge, severity of lung sounds, and ear position. All calves were assigned an ultrasound score on selected days (days 0, 3, 7, 10, and 14 in BRSV-challenged calves; all days in M. haemolytica–challenged calves) by a trained reviewer based on presence and severity of consolidated lung tissue and pleural defects such as B-lines and comet tail artifacts. Data represent mean ± SEM.


In the second and third trials, a total of 30 4-week-old, mixed gender Holstein calves were infected via intratracheal inoculation with 107 CFU M. haemolytica strain NADC-D153. Calves were monitored and assigned a clinical disease score daily with TUS images collected daily on days 0–4 after infection. In trial 2, six calves were euthanized on day 1, one calf was euthanized on day 2, and the remaining nine calves were euthanized on day 4 after infection. In trial 3, all 14 calves were euthanized on day 4 after infection. The Fall 2019 cohort of M. haemolytica–infected calves had peak clinical and ultrasound score on day 1 after infection, and the Summer 2020 cohort had clinical scores and TUS scores that peaked on days 3 and 4, respectively, as shown in Figure 2B.



Disease Progression

All calves had TUS performed before inoculation with either BRSV or M. haemolytica. In trial 1, seven of the 32 BRSV-infected calves had a TUS score ≥2 on arrival indicating the presence of previous clinical disease or current subclinical pneumonia. In trials 2 and 3, none of the 30 M. haemolytica–infected calves had a TUS ≥ 2 on arrival.

After experimental infection, consistent trends, unique to each disease process, were observed in the development of pleural defects and consolidation that were detected by TUS as shown in Figure 3. In M. haemolytica–infected calves, a majority of calves (12/16) in the Fall 2019 cohort (Figure 3A) developed lesions consistent with consolidation (TUS score ≥ 2) on TUS within 24 h of infection. After the peak observed on day 1 after infection, the average ultrasound score steadily decreased until the final observation on day 4 after infection. Notably, however, six of the most severe calves were euthanized 24 h after infection, and an additional two were euthanized 48 h after infection, including the calf depicted in Figure 3A, which likely contributed to the decrease in ultrasound score as the study progressed. In the Summer 2020 cohort (Figure 3B), one third of the calves (5/15) developed lesions consistent with consolidation on TUS within 24 h of infection and one additional calf developed lesions consistent with consolidation by day 4 of the study. No calves were euthanized before necropsy on day 4 after infection. In general, the consolidation lesions observed on ultrasound in the M. haemolytica–infected calves had well-defined borders; this was consistent with the appearance of localized, firm lesions observed in the lung tissue on necropsy.


[image: Figure 3]
FIGURE 3. Progression of disease in ultrasound images. Ultrasound images were collected from nine locations each day for each calf in the study. (A) depicts ultrasound image progression from location 14R on days 0, 1, and 2 of a M. haemolytica–infected calf from the Fall 2019 cohort. The final TUS scores of the calf were 0, 4, and 4, and its clinical scores were 2, 7, and 9, respectively. The calf was euthanized on day 2 after infection because of the severity of disease progression. (B) depicts the ultrasound image progression from location 18L on days 1, 2, 3, and 4 of a M. haemolytica–infected calf from the Summer 2020 cohort. The final TUS scores of the calf were 1, 1, 4, and 4, and its clinical scores were 4, 4, 7, and 2, respectively. The calf was euthanized on day 4 after infection. (C) depicts the ultrasound image progression from a location 18L on days 3, 7, 10, and 14 of a representative BRSV-infected calf. The final TUS scores of calf were 0, 3, 3, and 3, and its clinical scores were 1, 9, 6, and 2, respectively. The calf was euthanized on day 14 after infection. Asterisks with or without horizontal brackets indicate pleural defects and vertical brackets indicate maximum depth of consolidation.


In the calves that had no prior consolidation, lesions consistent with lung consolidation (TUS score ≥ 2) were commonly first identified via TUS on day 7 after BRSV infection and remained detectable until necropsy (Figure 3C). The calves with positive TUS scores before infection were no more likely to develop positive clinical scores or elevated TUS scores; however, these elevated scores were detected sooner. In addition, pleural defect scores peaked on day 10 after infection and were not always associated with the presence of consolidation. Lesions consistent with consolidation observed on ultrasound in BRSV infection had less defined borders than those of the M. haemolytica–infected calves; this was also consistent with the appearance of more diffuse, regionalized lesions within the lung tissue on necropsy.



Clinical Score and Ultrasound Score

Diagnosing BRD through clinical disease scoring relies primarily on visual cues and an elevated body temperature. A number of field studies have demonstrated the poor sensitivity of clinical disease scoring systems, which fail to detect a significant population of calves with subclinical pneumonia (6). Few studies have compared the relationship between clinical disease scoring progression with TUS scoring progression in controlled infection settings. Therefore, we compared clinical disease score and TUS score from all calves from all days of the study. In trial 1, 131 clinical disease score and TUS score pairs from all days that TUS images were collected were compared (Figure 4A). In trials 2 and 3, 59 and 69 clinical disease score and TUS score pairs from all days of the study were compared (Figures 4B,C). In the BRSV infection model, there was a weak to mild positive correlation between clinical disease score and TUS score (R2 = 0.3212). Given the differences in disease progression, the M. haemolytica–infected calves from trials 2 and 3 were treated as two separate cohorts. The correlation between clinical disease score and TUS score was lower after M. haemolytica infection, regardless of cohort (R2 = 0.2866 in the Fall 2019 cohort and R2 = 0.0677 in the Summer 2020 cohort).


[image: Figure 4]
FIGURE 4. Relationship of clinical score and TUS score and classification of calves. Daily clinical scores were compared to daily ultrasound scores from BRSV-infected calves (A) and M. haemolytica–infected calves (B,C). The graphs include all data points from days 0, 3, 7, 10, and 14 in BRSV-infected calves and from days 0 to 4 in M. haemolytica–infected calves. The size of the point represents the number of calves represented in each location: (A) the maximum dot size represents 10 calves; (B) the maximum size dot represents seven calves; (C) the maximum sized dot represents 12 calves. The plots were divided into four quadrants according to positive clinical score (≥5) and positive ultrasound score (≥2). Green quadrant represents calves that are negative for clinical score and ultrasound score. Blue quadrant represents calves with positive clinical scores but negative ultrasound scores. Red quadrant represents calves with elevated clinical and ultrasound scores (clinical). Yellow quadrant represents calves who had non-elevated clinical scores but had positive ultrasound scores (subclinical). The percentage in each quadrant represents the frequency of points from that study represented in each quadrant.


To further explore the relationship between clinical disease score and TUS score, the scatterplots were then divided into four quadrants on the basis of a positive clinical score (CS≥5) and the presence of consolidation (TUS score≥ 2). The bottom left quadrant represents calves with negative clinical scores and no consolidation present; these calves make up 41% (107 of 259) of all the data points collected. The top left quadrant represents calves with a positive clinical score but with no consolidation present; these calves make up 10% (27 of 259) of the data points collected. The top right quadrant represents calves with a positive clinical score and consolidation present; these calves have clinical pneumonia and make up 31% (81 of 259) of the data points collected. The bottom right quadrant represents calves with a negative clinical score but consolidation present; these calves have subclinical pneumonia that is undetectable by other methods of disease progression monitoring and make up 17% (44 of 259) of the data points collected.

Of the 32 BRSV-infected calves, 19 were classified as having subclinical pneumonia on at least one day that TUS was performed. The highest incidence of subclinical pneumonia, 11 of the 26 remaining calves, occurred on day 14 after infection (Figure 5A). On day 0 of the study, 24 calves had negative clinical and TUS scores. By day 7 after infection, 24 calves were in the clinical pneumonia classification with positive clinical and TUS scores. Six of these calves were euthanized before day 10 because of severe clinical disease symptoms, so on day 10 after infection, 15 calves remained in the clinical pneumonia classification. By day 14, the number of clinical pneumonia calves was reduced to 12, and there were 11 calves classified with subclinical pneumonia (Table 2). On average, the calves had negative clinical disease and TUS scores on days 0 and 3 after infection and then entered the clinical pneumonia classification on day 7 after infection. The calves that survived to day 10 generally continued to present with clinical pneumonia scores and then moved into the subclinical pneumonia classification by day 14 after infection.


[image: Figure 5]
FIGURE 5. The distribution of calves represented in each of the four quadrants over the course of BRSV (A) and M. haemolytica (B,C) infection. For the BRSV-infected calves (A), TUS was performed on days 0, 3, 7, 10, and 14 after infection. For the M. haemolytica–infected calves (B,C), TUS was performed on days 0, 1, 2, 3, and 4 after infection.



Table 2. TUS and clinical score progression of calves across BRSV and M. haemolytica infection.
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In the two trials with M. haemolytica–infected calves, seven of the 16 calves in the Fall 2019 cohort and four of the 14 calves in the Summer 2020 cohort were classified as having subclinical pneumonia on at least one day that TUS was performed (Figures 5B,C). In these two trials, the highest incidence of subclinical pneumonia was on day 1 after infection, with six of the 30 calves in this classification. In trial 2, all 16 calves began the study with negative clinical and TUS scores. On day 1 after infection, half the calves were classified as having clinical pneumonia and four calves had positive clinical scores with negative TUS scores. Six of these animals were euthanized because of severe clinical disease symptoms. By day 2 after infection, calves were mostly distributed in the subclinical and clinical pneumonia classifications. An additional calf was euthanized because of severe symptoms. On days 3 and 4 after infection, approximately half the calves had negative clinical and TUS scores, and the remainder was classified with subclinical pneumonia. In trial 3, all 14 calves entered the study with negative clinical and TUS scores. On day 1 after infection, eight calves remained in this classification and the remaining six were distributed among the other three classifications. On day 2 after infection, seven calves were still negative in both scores, but four calves had entered the clinical pneumonia classification, and similar numbers were seen on day 3 after infection. By day 4 after infection, only two calves remained negative for both clinical and TUS scores, seven calves had positive clinical scores and negative TUS scores, and four calves were in the clinical pneumonia classification. By using TUS, calves that lacked clinical symptoms but still developed lung consolidation after experimental infection were frequently identified.



Pathogen Burden and Ultrasound Score

Although it is known that a portion of the lung damage arising during BRD is a result of immunopathology, there is little information available regarding the relationship between the development and progression of lung lesions and pathogen load. Therefore, nasal swabs samples were collected from BRSV-infected calves for quantification of viral shedding in Trial 1, and representative lesioned and non-lesioned lung tissues were collected for evaluation of pathogen burden in Trials 2 and 3. In Figure 6A, quantitative Real-Time (qRT)-PCR was performed for the BRSV NS2 gene on nasal swabs collected from the BRSV-infected animals on day 7 after infection, the peak of virus shedding in this model (15). Virus quantity, described as copy numbers of the NS2 gene, was then plotted against the ultrasound scores. There was no association between ultrasound scores and peak virus shedding on day 7 after infection (R2 = 0.01324). Samples of lesioned and non-lesioned lung tissue were also collected from the BRSV-infected calves on day 14 after infection. As seen in Supplementary Figure 3, few BRSV NS2 gene copies were detected at this timepoint, and there was no association between TUS score and lung viral load at day 14 after infection (R2 = 0.03588 in non-lesioned lung tissue and R2 = 0.02543 in lesioned lung tissue). Lung tissue samples were collected from M. haemolytica–infected calves at necropsy, and lung bacterial loads were determined by quantitative culture. As shown in Figure 6B, lung bacterial loads ranged from undetectable to as high as 7 × 107 CFU/g of lung tissue. The lung bacterial loads depicted in Figure 6B include calves that were euthanized at humane endpoint and thus include samples that were collected on days 1 (six calves), 2 (one calf), and 4 (23 calves) after infection. There was no association between M. haemolytica lung burden at necropsy and ultrasound score (R2 = 0.08831). Thus, there is no discernible relationship between pathogen load and TUS score at the peak of virus shedding (day 7 after infection) for BRSV-infected calves or at the day of necropsy for M. haemolytica–infected calves.
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FIGURE 6. Relationship between pathogen burden and TUS score. For BRSV–infected calves (A), qRT-PCR was performed on nasal swabs for the BRSV NS2 gene to quantify the amount of virus being shed in nasal secretions on day 7. For M. haemolytica–infected calves (B), quantitative culture was performed using samples of lung tissue to estimate bacterial lung burden.




Pathology and Clinical Score

Lung tissue damage can have long-term effects on calf health and performance. Because clinical disease scoring is a widely used disease detection model, its correlation to gross lung pathology can provide a useful basis for determining whether TUS is more or less accurate in detecting the presence of lesions in the lung tissue. All calves that had necropsy data collected from all three studies showed visible lung lesions on necropsy. In Figure 7, the area of pneumonic lung, expressed as a percent, was compared to clinical disease score on the day of necropsy. There was a weak to mild positive correlation among BRSV-infected calves (R2 = 0.1961). In the M. haemolytica–infected calves, the relationship between clinical disease score and gross lung pathology score was stronger (R2 = 0.3352) but still failed to show a strong relation between the two parameters. This result is not unexpected and underlines the point that clinical disease score is not a strong predictor of the disease severity in the lung. Therefore, for researchers who want to determine the efficacy of a BRD intervention, clinical disease scoring on its own only provides limited information related to disease progression and severity.


[image: Figure 7]
FIGURE 7. Gross lung pathology on necropsy plotted against clinical score on day of necropsy. In both BRSV-infected (A) and M. haemolytica–infected calves (B), the lungs were divided into 11 lobes and scored based on percentage of lung affected by gross lesions. There was a weak correlation between clinical score and gross lung pathology in both models.




Pathology and Ultrasound Score

To further explore the accuracy and sensitivity of TUS scores for predicting gross lung damage, the correlation between ultrasound score on necropsy and gross lung pathology score was determined in Figures 8A,B. The nine ultrasound locations that were evaluated were focused in the cranial and ventral regions of the lung field because consolidation is more likely to develop in these lobes. One caveat of the ultrasound system is the restricted depth of penetration if normal lung tissue is present. This limits the ability of the ultrasound to detect lesions that are deep to normal aerated lung and certain regions of the lung. Therefore, in addition to comparing the total percentage of lung affected, the percentage of pneumonic lung within the five cranial and ventral lobes of interest that were directly examined using ultrasound (as indicated by the location highlights in Figure 8C) was also calculated and compared to the respective TUS score. A moderate correlation between the gross lung pathology score encompassing the entire lung and TUS score on necropsy was observed for calves infected with BRSV (R2 = 0.5137). This correlation increased when the gross lung pathology score of only the five lobes of interest was considered (R2 = 0.5903). For the M. haemolytica–infected calves, there was also a moderate correlation when the pathology score of the entire lung was considered (R2 = 0.4324) and the correlation increased when TUS score was compared to the five lobes of interest (R2 = 0.4899). In both infection models, there was a greater correlation between gross lung pathology score and ultrasound score than between gross lung pathology score and clinical score. Thus, TUS provides a more accurate representation of gross lung pathology than clinical scoring and can be obtained at any point in the disease process.


[image: Figure 8]
FIGURE 8. Gross lung pathology on necropsy plotted against ultrasound score on necropsy. In both BRSV-infected (A) and M. haemolytica–infected calves (B), the lungs were divided into 11 lobes and scored based on percentage of lung affected by gross lesions. The average percent affected across all lobes was plotted in addition to an average across the five lobes imaged via ultrasound. The approximate ultrasound locations for both the left and right sides of the lung are shown (C). Because the entire lung field was examined via TUS, the average of the lobes that were imaged was plotted separately. In both disease models, there was a correlation between gross lung pathology on necropsy and ultrasound score and the correlation increased when only the lobes with the TUS locations were used.


To further investigate the relationship between clinical score, TUS score, and gross lung pathology score, the three variables were compared in Figure 9. The location of each point on the graph is based on the clinical score and ultrasound score on the day of necropsy, and the focused gross lung pathology score (denoted in Figure 8C) is represented by the color of each data point. For the BRSV-infected calves, a higher gross lung pathology score was associated with a higher TUS score, regardless of clinical score. For the M. haemolytica–infected calves, this trend was still present but less pronounced. The differences seen between these two models may be associated with the types of lesions associated with the disease. In BRSV infection, more diffuse and regionalized lesions were observed within the tissue after necropsy. This leads to a higher likelihood of identifying lesions on ultrasound of only a select number of locations. In M. haemolytica infection, more localized lesions were observed on necropsy, leading to a decreased likelihood of identifying lesions on ultrasound when only observing select locations. However, there is a trend for both viral and bacterial infections, where, as both clinical and TUS scores increase, the percentage of lung affected increases as well.


[image: Figure 9]
FIGURE 9. Gross lung pathology plotted against clinical score and ultrasound score on day of necropsy for BRSV-infected (A) and M. haemolytica–infected calves (B). Clinical score for each calf was plotted against the final ultrasound score with the color of dot representing the percentage of lung affected with gross lesions. The plot is divided into four quadrants, similar to Figure 5.





DISCUSSION

There have been many studies on the detrimental effects, both in short and long terms, and the costs of BRD (1, 2, 4). Early detection remains a key factor in mitigating the negative effects of the disease. Previous studies on BRD detection have focused on clinical scoring models that rely on visual indicators, such as nasal discharge, cough, attitude, and physical assessment such as rectal temperature or expiration rate (5). Some of these markers, such as attitude and rectal temperature, are not BRD specific and can be caused by a wide variety of illnesses. In addition, not all calves with BRD will present with the same symptoms or with symptoms that are severe enough to be considered clinically ill. Thus, calves with active, but subclinical, BRD are not identified. In recent studies comparing on-farm detection of clinical disease, TUS has been shown to have increased sensitivity and specificity over clinical scoring, allowing it to capture even subclinical pneumonia (9, 16). Therefore, the goal of our study was to determine whether TUS could provide the same improvements to disease monitoring during experimental BRD trials.

In experimental models of BRD, lung pathology is typically utilized as the gold standard for detection of disease (17–19). For our studies, we compared TUS to lung pathology as the gold standard, and our results show an improved relationship between TUS and lung pathology compared to traditional clinical disease scoring. Thus, TUS was shown to be a more accurate predictor of disease presence within the lungs than clinical scoring. Although the R2 value between TUS score and gross lung pathology was only moderate, the TUS data in our study were collected from a small portion of the lung, and using TUS, lesions that are deep to aerated lung cannot be observed. When considering these limitations, the increased correlation between TUS and lung pathology as compared to clinical scoring is increasingly significant. Furthermore, although lung pathology is considered the gold standard, it is highly invasive and requires the animal to be euthanized. In contrast, TUS is non-invasive and can provide results that are well correlated with gross lung pathology, especially if more of the lung field is included in the scan (20), thus providing researchers with an alternative to euthanasia.

The two experimental infection models used in the present study were selected to mimic a viral infection and a bacterial infection due to the known variations in disease presentation and progression in these two types of infection. In most of the parameters, we examined that there was a decreased correlation seen in the M. haemolytica–infected calves compared with that in the BRSV-infected calves. This decreased correlation may be related to the increased variation of the disease process itself. Progression of disease in M. haemolytica infection models is frequently inconsistent due to variations in endotoxin and leukotoxin production between strains and challenge dose. Previous studies have used doses ranging from 106 to 109 CFU/ml in their inoculation and experienced a range of disease severity even with the same concentration of bacteria (7, 17, 21). Generally, BRSV has a much more consistent pattern of disease (22–24). Within the present study, there was an increased variation in clinical score and TUS score in M. haemolytica–infected calves compared with that in BRSV-infected calves. During the Fall 2019 cohort, there was 50% mortality by 48 h after infection, whereas in the Summer 2020 cohort, all infected calves survived to necropsy. When considered together the high variation in clinical score, TUS score and mortality confirm previous observations of the increased variability in disease progression seen in M. haemolytica infection. Despite this variation, it is important to note the stronger correlation between TUS score and gross lung pathology compared with the correlation between clinical score and gross lung pathology in M. haemolytica–infected calves. Thus, although there was higher variation and somewhat decreased relationships, TUS was still able to accurately capture the differences in disease progression and severity.

The two infection models vary in many ways, but, in addition to the disease mechanisms, there was also variation in the calf populations. In the BRSV infection trial, consolidation was observed before experimental infection in seven of the 32 calves that were entered in the trial. This suggests that these calves had previous respiratory infections that may not have been fully resolved at the time of enrollment in the study. TUS was able to capture the disease in these calves that would have otherwise been missed by clinical scoring alone. The presence of pre-inoculation lesions has the potential to influence all subsequent data that were collected on these calves, in particular TUS and necropsy results, because lesions had already developed before study initiation. Previous studies have also noted suspected pre-enrollment respiratory illness and its effect on the subsequent data that were collected (18, 25). In our study, calves that entered the study with consolidation already present were more likely to remain in the clinical and subclinical pneumonia quadrants. BRD trials with experimental infections are attempting to simplify a complicated disease to study a more specific part of the infection process. Calves that enter experimental trials with undiagnosed or unresolved subclinical respiratory infections can significantly affect study outcomes. Therefore, the results of our study strongly suggest that TUS can be a powerful tool for screening calves for existing disease before they are entered into a trial.

By plotting the relationship between clinical score and TUS score, we identified four different subgroups of calves. Previous papers have identified these calves as having upper respiratory tract infections (positive clinical score and negative TUS score), subclinical pneumonia (negative clinical score and positive TUS score), and clinical pneumonia (positive clinical and TUS score) (8). Because of the nature of our experimental infections, where pathogens were introduced directly into the lungs, the term upper respiratory tract was not used for animals with a positive clinical score that lacked ultrasonographic changes. In our study population, this subset of animals most likely included animals with mild pathology of the lungs or pathology that was either deep to normal aerated lung or in a location that was not visualized using our TUS system. However, we did utilize the “subclinical” and “clinical” terminology for calves that had negative clinical score and positive TUS score (subclinical) and positive clinical and TUS score (clinical). Utilization of these classifications highlights the advantages of using TUS in conjunction with clinical scoring. The calves in the subclinical group represent calves that would have been considered within normal limits if TUS was not used in the study but clearly had changes to their lung tissue that were confirmed on necropsy. It is also important to note that some of the calves within the subclinical pneumonia group may also represent calves who are in the process of disease resolution. Changes in lung tissue that are brought on by pathogens may persist even after the pathogens have been cleared, therefore creating a population of healthy calves with significant abnormalities in lung tissue appearance. The lesions persisting in the lungs of the BRSV-infected calves on day 14 after infection, after the virus has been eliminated from the lungs, are one example of this occurrence. The disease resolution process and its timeline are not well understood, but the presence of long-term effects suggests that the resolution process is likely prolonged compared to the duration of active infection. Disease resolution is an important area for future study of BRD pathogenesis, because it may have long-term implications for animal performance.

The weakest relationship observed was between viral shedding or pathogen burden and TUS score. Our measurements of viral shedding quantified the amount of specific BRSV genes present in nasal secretions on a given day. The peak of BRSV shedding usually occurs around day 6 after infection (23, 26). By day 14 after infection, when the calves in the present study were necropsied, the amount of virus that remains in the tissue is very low or has been completely cleared, as previous studies have shown (23, 26). Therefore, to more accurately reflect pathogen load in the BRSV study, we used the amount of virus shed in nasal secretions on day 7 after infection as our indicator of pathogen burden. Despite selecting the peak shedding day, our dataset still did not detect a correlation with viral shedding. This is not surprising given that viral shedding is not always well correlated with lung damage, which can instead be attributed to the host immune response and subsequent immunopathology (27, 28). In the M. haemolytica trials, we used quantitative culture of lung tissue to determine pathogen burden. The presence alone of pathogenic bacteria in the lungs is also not necessarily related to disease severity because some level of M. haemolytica presence, which is a normal commensal of the upper respiratory tract, can be considered within normal limits (29, 30). As with viral infection, much of the lung damage resulting from M. haemolytica infection can be attributed to immunopathology rather than pathogen burden. Limited work has been done on the relationship between markers of immune function and classifications of BRD as determined by TUS, and all work that has been performed previously has been under field conditions (9, 31).

Most previous research of TUS has focused on its value as a tool to help in clinical diagnosis and treatment of BRD (6, 8, 12). These studies have focused on using TUS in natural BRD infections to confirm its sensitvity and specificity and have primarily taken place in the field where pathogen identification is limited. There are few studies that have used TUS in an experimental infection (7). Our data clearly demonstrate that TUS can provide researchers with additional data on the respiratory health of the animals enrolled in their studies. It is important to note that TUS scanning for clinical diagnosis is typically performed using a different scanning pattern with inclusion of more of the lung surface. In this study, the TUS images were collected by previously untrained individuals; training was able to be completed in a few sessions, and the difficulty of training for image collection was comparable to training for blood collection. It is also important to note that the images were collected as research data to be analyzed and not used to make any clinical diagnosis of disease. When utilized in this manner, TUS can serve as another tool for researchers to use for measuring disease progression, similar to the way that clinical scoring has been integrated in BRD research. In this context, TUS could be especially beneficial in interventional studies that do not call for a final necropsy, such as in the feedlot setting. In these studies, researchers rely on clinical scoring and various blood tests to determine severity of disease (32, 33), and the addition of TUS could provide further information on the health of the lung itself even without necropsy of the animals. Using TUS as a determinant of disease severity could help researchers increase the size of their data pools while decreasing the number of calves that must be euthanized.



CONCLUSION

When performed in conjunction with clinical disease scoring, in both controlled infections and field studies, TUS can provide a non-invasive method of assessing disease progression within the lung tissue and provide researchers with a more complete image of calf health. TUS can also identify additional diseased calves that clinical scoring alone cannot capture and provide valuable information on calf lung health at the time of study enrollment.
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ICS immediately caudal to shoulder muscle, bottom of probe even with
point of elbow

One probe length dorsal to 19L, middle of probe even with point of
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One ICS caudal from 18L, middlie of probe even with point of shoulder
One ICS caudal from 14L, middlie of probe even with point of shoulder

One probe length dorsal to 10L, bottom of probe even with point of
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CS immediately caudal to shoulder muscle, middle of probe even with
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One probe length ventral to 18R, bottom of probe even with point of
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One ICS caudal to 18R, middle of probe even with point of shoulder

L in the location name denotes the location was on the left side of the calf and R in the
location name denotes a location on the right side of the calf. Ultrasounds were always
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