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Abstract

The use of xylazine, a veterinary sedative, with ketamine for rat anesthesia has been shown to 

enhance the pulmonary capillary hemorrhage (PCH) effect of diagnostic ultrasound. This study 

was undertaken to assess whether the sedative/analgesic dexmedetomidine, commonly used in the 

ICU, can also enhance ultrasound induced PCH. Female Sprague Dawley rats were anesthetized 

with various combinations of ketamine plus xylazine or dexmedetomidine. The dosage of 

dexmedetomidine was reduced for some groups to doses relevant to human clinical usage. The 

right thorax of all rats was shaved and depilated for ultrasound transmission and the rats were 

scanned with diagnostic ultrasound using a 7.6 MHz linear array in a 38 °C degassed water bath. 

There was no significant difference in PCH results for the recommended anesthetic dosages of 

ketamine plus xylazine and ketamine plus 500 μg/kg dexmedetomidine. The varied doses of 

dexmedetomidine enhanced the PCH, even for the lowest dose of 4 μg/kg, equivalent to a low 

human dose of 0.64 μg/kg. There was no significant difference in PCH for 500 μg/kg 

dexmedetomidine with or without ketamine. Further research is needed to identify and 

characterize other factors which may modify the patient risk from ultrasound induced PCH.
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Introduction

Diagnostic ultrasound can induce capillary hemorrhage in lung, presenting a potential risk of 

injury for patients receiving trans-thoracic pulmonary ultrasound examination. Pulmonary 

capillary hemorrhage (PCH) has been studied for more than 25 y, since its discovery by 

Child et al. (1990), but the risk to patients remains uncertain. All the while, the use of 

diagnostic ultrasound for thoracic examination has grown. Indeed, direct pulmonary 

examination has become routine for diagnosis in the point of care settings of emergency and 
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intensive care (Volpicelli, 2013), as well as in traditional radiology studies. The ultrasound 

does not image the interior of healthy lungs, but shows the surface as a bright line with 

multiple echoes and other artifacts displayed beyond the surface (Lichtenstein et al. 2009). 

For example, comet-tail artifacts (CTAs, also known as B-lines), which are bright lines of 

multiple echoes extending deep into the image, are indicative of interstitial syndrome, 

pulmonary edema and pulmonary effusion, among other problems. More information is 

needed to fully understand the mechanisms and dosimetry of the PCH bioeffect and the 

potential risks of PCH for the broad spectrum of patients receiving thoracic ultrasound.

Research has indicated that the PCH phenomenon occurs in mice, rats and pigs and can be 

characterized by a threshold for a specific set of ultrasound exposure conditions (American 

Institute of Ultrasound in Medicine, 2000; Church et al. 2008a). A study involving human 

transesophageal echocardiography at 3.5 MHz and up to 2.4 MPa (on screen Mechanical 

Index 1.3), which was believed to be near or slightly above the PCH threshold, was negative 

for PCH (Meltzer et al. 1998). However, the appearance of the lung surface, the incident 

ultrasound parameters, and the range of medications used for these examinations during 

cardiac surgery are all uncertain in relation to present pulmonary examinations. Recently, 

we found that relatively high resolution diagnostic ultrasound with a 7.6 MHz linear array 

displayed growing CTAs during pulmonary scanning in rats, that corresponded with visible 

PCH on the lung surface (Miller, 2012). Further study revealed that the PCH was strongly 

influenced by anesthesia methods in the animal tests, and was particularly enhanced by the 

use of xylazine in the anesthesia technique for sedation and analgesia (Miller et al. 2014; 

Miller et. al. 2015a). This finding that the exact anesthetics were nearly as important as 

physical exposure parameters in the etiology of PCH induction by ultrasound greatly 

complicates the estimation of possible patient risk of PCH.

More information is needed on human drugs (xylazine is a veterinary sedative and is 

typically not used in humans) or other physiological situations which may be critical for any 

assessment of patient susceptibility to this bioeffect. A common sedative/analgesic is 

Dexmedetomidine, which, like xylazine, is an alpha-2 receptor agonist but with higher 

specificity. This class of drugs is used in addition for treating hypertension, attention-deficit 

disorder, panic disorders, and opioid, benzodiazepine and alcohol withdrawal (Giovannitti et 

al. 2015). The human formulation in the USA is Precedex (0.1 mg/ml, dexmedetomidine 

HCL injection, Hospira Inc. Lake Forest IL,USA), while a veterinary formulation is 

Dexdomitor® (0.5 mg/ml, dexmedetomidine HCL injection, Orion Corp, Espoo, FD). 

Dexmedetomidine , commonly used for ICU sedation and non-intubated procedural 

sedation, is best known for causing minimal or no respiratory depression. It is under 

evaluation for many other applications (Pichot et al. 2013; Bajwa and Kulshrestha, 2013; 

Giovannitti et al. 2015). This study was undertaken to assess whether or not 

dexmedetomidine could enhance the PCH effect of diagnostic ultrasound.

Materials and Methods

All in vivo animal procedures were conducted with the approval and guidance of the 

University Committee on Use and Care of Animals (UCUCA). In this study, a total of 86 

female rats (Sprague Dawley, Charles River, Wilmington, MA, USA) were tested at 8-12 
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weeks of age. The rat’s weight averaged of 228±21 gm. Three rats were lost from the study 

due anesthetic death and 5 were excluded due to other problems. The remaining 78 rats were 

randomly separated into 14 test groups of 5-7 rats each. For most rats, physiological data 

was collected on heart rate and percentage of oxygen saturation (%SpO2) using a pulse 

oximeter (SurgiVet V3395 TPR, Smiths Medical Inc. St Paul, MN USA).

Anesthetic techniques

Anesthesia was induced by intraperitoneal injection (IP) of 1.75 ml/kg of mixed anesthesia 

components and saline, as listed in Table 1. Xylazine was given at the recommended dosage 

(9 mg kg−1) plus ketamine (91 mg kg−1). The recommended dosage of dexmedetomidine 

(500 μg/kg) normally was given with ketamine (75 mg/kg). Both of these drug dosages are 

well tolerated by rats when given IP, and produce general anesthesia sufficient for surgical 

procedures (Wellington et al. 2013). Ketamine only was given to some rats to show the 

effect of omitting the xylazine or dexmedetomidine, and dexmedetomidine only was given 

to show the effect of omitting the ketamine. Both of these single drug doses produced 

anesthesia sufficient to perform the ultrasound scanning. The dosage of dexmedetomidine 

also was reduced for some groups to explore the possible dose-response changes of PCH 

induction for doses relevant to human usage. For humans, initial doses of 0.5 to 2.5 μg/kg 

are given for sedation by various routes, including IV infusion, intramuscular injection, 

intranasal and oral administration (Mason et al. 2011; Peng et al. 2014; Bajwa and 

Kulshrestha 2015). Interestingly, one advantage of using dexmedetomidine is its minimal 

respiratory depression (Giovannitti et al. 2015), and there is some evidence that it can reduce 

lung capillary permeability in rats (Kumagai et al 2008).

The dosage adjustment for different sizes of animals is based on surface area (rather than 

only weight) (Dexdomitor® package insert, 2013). The formula for translating dosages by 

weight from the animal dose (AD) in μg/kg to the human equivalent dose (HED) in μg/kg is

(1)

in which AK and HK are factors based on body surface area (Reagan-Shaw et al. 2007). For 

adults and children, HK is equal to 37 and 25, respectively, while AK for rats is equal to 6. 

The recommended rat dose of dexmedetomidine of 500 μg/kg for surgical anesthesia 

therefore has a HED of 81 μg/kg and 120 μg/kg for adults and children, respectively. For the 

reduced dexmedetomidine doses in this study (see Table 1) of 100, 20 and 4 μg/kg, the 

HEDs are 16.2, 3.2 and 0.64 μg/kg for adults or 24, 4.8 and 0.96 μg/kg for children, which 

encompass the normal human dose range.

The right thorax of all rats was shaved and depilated for ultrasound transmission. The rats 

were mounted on a plastic board and immersed in a 38 °C degassed water bath together with 

the ultrasound probe. This exposure method has reliable ultrasound coupling, and maintains 

the body temperature of the rats.
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Ultrasound scanning

A Phillips HDI 5000 (Philips Healthcare, Andover MA USA) diagnostic ultrasound machine 

with CL15-7 linear array was used for ultrasound aiming and exposure, as described 

previously (Miller 2012). This probe was mounted in the water bath on a three dimensional 

positioning apparatus and aimed horizontally at the rat thorax, at the level of the right cranial 

or middle lobe. The imaging was in B mode with 2 cm image depth, 1 cm focal depth, and 

39 frames per second at 7.6 MHz. To avoid PCH incidence during setup and aiming, the 

image of the lung was acquired using a sub-threshold Mechanical Index setting of MI=0.21. 

The probe was partially in contact with the skin, and the pleural surface was at a depth of 

about 5-6 mm. The image was adjusted for a bright pulmonary surface echo and avoiding 

ribs as much as possible. To perform an exposure, the MI setting was rapidly elevated using 

the output toggle switch to the desired value of 0.27, 0.37, 0.52, 0.7 or 0.9 for 5 min. The 

exposure parameters at the lung surface were previously estimated by calibrated hydrophone 

measurements of the ultrasound attenuated by chest wall samples (Miller et al. 2015b), and 

are listed in Table 2. The pulse repetition frequency was 10 kHz for the 250 ns duration 

pulses.

Measured endpoints and experimental plan

The study was designed to assess the PCH resulting from varied exposure MI values with 

ketamine and 500 μg/kg dexmedetomidine in order to determine the exposure-response and 

the threshold for PCH. In addition, PCH variation was explored for MI = 0.9 due to 

anesthesia with normal ketamine and xylazine doses, with ketamine or dexmedetomidine 

only and with ketamine plus varied dexmedetomidine doses. The length of the CTA region 

(indicative of PCH) was observed in the final image, and was measured as a percentage of 

the length of the bright line image of the pleural surface. Five minutes after scanning or 

sham scanning, the rats were sacrificed by exsanguination under anesthesia for evaluation of 

the lungs. The trachea was occluded and the intact lung was removed for photography. The 

length, width and area of the hemorrhage region were measured on the lungs. Statistical 

comparisons between groups were performed using SigmaPlot for Windows V. 11.0 (Systat 

Software Inc., San Jose CA, USA), with statistical significance assumed at P<0.05. The 

statistical comparison of the groups versus the respective shams was made using the Mann-

Whitney rank sum test for the area data, rather than the t-test, due to the non-normal 

distributions of the data. In addition, linear regression was used to characterize the exposure 

response function.

Results

The results of the heart rate and %SpO2 measurements are shown in Figure 1. The sedatives 

produced essentially the same values of heart rate and %SpO2 (mean ± standard deviations): 

279±20 and 79±3 (n=17) with ketamine plus xylazine, and 274±36 and 78±4 (n=35) with 

ketamine and dexmedetomidine (500 μg/kg). Ketamine plus dexmedetomidine (KD500) 

essentially duplicated the results for ketamine plus xylazine (KX). The ketamine only (KO) 

condition produced significantly higher values for both parameters relative to the standard 

anesthetics, and poor sedation alone relative to anesthesia including dexmedetomidine, or 

dexmedetomidine only (DO). The reduced dexmedetomidine doses had significantly higher 
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%SpO2 for 4 μg/kg and 20 μg/kg than the higher doses. As noted above, these doses are 

roughly equivalent to doses used for human sedation (but without ketamine) and the results 

indicated minimal respiratory suppression.

The ultrasound images revealed CTAs for the higher MIs which corresponded to PCH on 

the surface of the lungs. For example, the beginning and ending images for a rat scanned at 

MI = 0.9 for ketamine plus 4 μg/kg dexmedetomidine are shown in Fig. 2. The start image 

has the bright curved line extending horizontally in the image at a depth of about 5 mm. This 

bright line is the lung surface image, and the image features at greater depths are artefacts 

resulting from multiple reflections from the lung surface and the probe. These include a 

distorted image of the chest wall and short horizontal reflections of the lung surface, called 

A lines (Lichtenstein et al. 2009). The after-scanning image shows CTAs across 80% of the 

14 mm bright line image, some of which extend more than a cm in depth to the bottom of 

the image. The CTAs have been termed “B lines”, and are predictive of some patient 

conditions (Lichtenstein et al. 2009). Figure 3 shows the representative lung sample from the 

ultrasound exposure in Fig. 2, which crossed the cranial and medial lobes. The positions of 

the lobes have shifted after removal from the thorax, such that the PCH line on the two lobes 

do not line up as they were when induced by the scan plane in vivo. The total length of the 

PCH was 13 mm, with an average width of about 1 mm, and a total area of 15.4 mm2.

Data on the proportion of PCH occurrence, percentage width of CTAs, and the PCH for all 

the groups is presented in Table 3. To enhance statistical sensitivity for the shams and the 

lowest exposures and doses of dexmedetomidine, extra rats were added to increase these 

groups to 6 or 7 rats (see Table 3). The two recommended anesthetics gave essentially the 

same results, with no significant difference between results for MI=0.9 or for 0.52. The 

lowest dexmedetomidine dose KD4 gave somewhat reduced surface area and length of the 

PCH relative to the other doses, with a statistically significant reduction from the KD100 

PCH area (P<0.05). The KD4 result was statistically significantly greater than the sham 

result.

The exposure response results are plotted in Fig. 4. A linear regression on the four 

dexmedetomidine data points with non-zero effect gave a zero-crossing threshold of 0.97 

MPa PRPA (r2=0.60). The estimated value of the MI corresponding to this in situ threshold 

is 0.35. If the threshold is defined as midway between the highest PRPA group without 

significant PCH and the lowest PRPA group with a significant effect, then the threshold 

would be slightly higher at 1.15 MPa. The xylazine results were slightly different (a linear 

regression is not given, because there were only 2 points), but both the KX and KD500 

results were statistically significantly higher than the shams at MI=0.52, indicating both 

drugs would yield nearly identical PCH thresholds.

Results for the varying dexmedetomidine dose groups are plotted in Fig. 5. A bar graph was 

used for this presentation, because a plot against a linear scale would greatly compress the 

spacing of the lower values. All the PCH results with dexmedetomidine, including the 

lowest 4 μg/kg dose, were statistically significantly greater than the sham. All the ketamine 

plus dexmedetomidine results were significantly greater than the results for ketamine only, 

except for the lowest dose result. As the dose of dexmedetomidine added to the ketamine 
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was increased, there appeared to be a rise in effect to a roughly constant plateau. 

Interestingly, when the ketamine was omitted, the result for dexmedetomidine alone was not 

significantly different from the results with the combination.

4. Discussion

Pulmonary capillary hemorrhage induced by diagnostic ultrasound in rats is strongly 

influenced by anesthetic techniques (Miller et al. 2015a). This finding indicates that 

physiological conditions, in addition to physical exposure parameters, can be critical factors 

in determining PCH risks. In the previous research, the recommended use of xylazine, a 

veterinary sedative, with ketamine for anesthesia in rats was found to lower the threshold 

and increase the magnitude of PCH. In this present study, the implication for human risk 

was explored by comparing the influence of dexmedetomidine, a common clinical sedative, 

to xylazine on the susceptibility of rats to PCH. Dexmedetomidine is used in human patients 

for radiological procedures, sedation in the ICU and other applications (Giovannitti et al. 

2015).

Ketamine plus xylazine and ketamine plus dexmedetomidine at the recommended doses for 

rats produced similar reductions of heart rate and %SpO2 measurements relative to ketamine 

only (Figure 1). However the recommended dose of dexmedetomidine (500 μg/kg) for 

surgical anesthesia in rats is high relative to human doses for sedation (0.5-2.5 μg/kg). To 

test more clinically relevant conditions, dexmedetomidine doses were adjusted by the 

formula for equivalent doses in rats and humans (Eq. 1). Reduction of the dexmedetomidine 

dose to 4 or 20 μg/kg, equivalent to human doses in the clinical range, led to significantly 

higher %SpO2 than the higher doses, indicating reduced respiratory suppression.

There was no significant difference in the PCH results for the two recommended anesthetics 

(KX and KD500). The exposure response test for ketamine plus 500 μg/kg 

dexmedetomidine showed steadily increasing PCH areas above a threshold of 0.97 MPa, see 

Fig. 4. This was essentially identical to previously determined minimum thresholds (Miller 

et al. 2015a).

All the PCH results at MI=0.9 with dexmedetomidine, including the lowest 4 μg/kg dose, 

were significantly greater than sham. The ketamine plus dexmedetomidine results were 

uniformly greater than with ketamine alone, except for the lowest dose result. As the dose of 

dexmedetomidine dose was increased, PCH susceptibility reached a plateau over a wide 

range (more than 100x), a dose response characteristic of receptor-mediated drugs. The PCH 

result for sedation with dexmedetomidine only was not significantly different from the 

results with ketamine plus dexmedetomidine. This finding suggests that the ketamine may 

not influence on the PCH effect.

The dependence of PCH susceptibility with diagnostic ultrasound on detailed use of 

sedatives and anesthetics greatly complicates the prediction of patient risk. These results 

show that dexmedetomidine increases susceptibility to PCH even for low, human-equivalent 

doses. Ultrasound-induced PCH are likely to be influenced by sedatives which cause very 

little respiratory depression. Other similar medications, like clonidine, would likely have a 
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similar influence on this bioeffect. Further study is needed to identify other drugs, patient 

conditions or other physiological factors which may modify the occurrence of ultrasound 

induced PCH.
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Figure 1. 
The mean results for heart rate and % SpO2 for the different anesthetic mixtures. The values 

for ketamine and xylazine (KX) include all three such groups, and the ketamine plus 500 

μg/kg dexmedetomidine (KD500) value includes all six such groups. Values for DO 

(dexmedetomidine only), and for KO, KD4, KD20 and KD100 (ketamine plus zero, 4 μg/kg, 

20 μg/kg and 100 μg/kg, respectively) include only the specific group.
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Figure 2. 
Representative images of the lung before (left) and after (right) MI=0.9 scanning with 

ketamine plus 4 μg/kg dexmedetomidine anesthesia. The bright curved line is the lung 

surface reflection and multiple reflection gives an “A line” (arrow). During scanning, the 

lung surface image breaks up with “comet tail” artefacts apparently extending vertically into 

the interior of the lung during scanning.
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Figure 3. 
A photomicrograph of the cranial and medial lobes of the right lung showing PCH induced 

by ultrasound scanning (Fig. 2). In situ, the two parts of the PCH area would line up, as they 

were created along the line of incidence of the scan plane. Scale Bar: 2 mm.
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Figure 4. 
A plot of the PCH area results for the exposure response tests (Table 3) showing very 

similar trends for both dexmedetomidine and xylazine and thresholds at about 1 MPa.
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Figure 5. 
A graph of the PCH area results for the different dexmedetomidine doses (Table 3). The 

PCH is not significantly greater than shams for the ketamine with zero dexmedetomidine, 

but is statistically significant for the lowest dose of 4 μg/kg (P<0.05, *), and the other doses 

(P<0.01, **). The result for dexmedetomidine only (DO) is not significantly different from 

the same dose with added ketamine.
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Table 1

The components of anesthetic mixtures (ml) to make up 1.75 ml, all of which were given at an intraperitoneal 

dose of 1.75 ml/kg.

Mixture
Ketamine
100 mg/ml

Xylazine
100 mg/ml

Dexmedetomidine
500 μg/ml Saline

KO 0.91 0 0 0.84

KX 0.91 0.9 0 0.75

KD500 0.75 0 1.0 0

KD100 0.75 0 0.2 0.8

KD20 0.75 0 0.04 0.96

KD4 0.75 0 0.008 0.992

DO 0 0 1.0 0.75
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Table 2

In situ exposure parameters(mean ± standard deviation) for the Mechanical Index (MI) setting: PCPA, peak 

compressional pressure amplitude, PRPA, peak rarefactional pressure amplitude, PMPA, peak mean pressure 

amplitude, and ISPPA, spatial peak, pulse peak intensity.

Setting
MI

PCPA
MPa

PRPA
MPa

PMPA
MPa

Isppa

W cm−2

0.9 3.41 ± 0.29 2.13 ± 0.21 2.77 ± 0.18 170 ± 20

0.7 2.73 ± 0.22 1.71 ± 0.19 2.22 ± .016 114 ± 15

0.52 2.02 ± 0.20 1.34 ± 0.13 1.68 ± 0.14 75 ± 13

0.37 1.42 ± 0.12 1.02 ± 0.11 1.22 ± 0.11 40.5 ± 7.4

0.27 0.98 ± 0.09 0.76 ± 0.08 0.87 ± 0.09 20.8 ± 4.0

0.21 0.70 ± 0.06 0.55 ± 0.06 0.62 ± 0.06 10.4 ± 2.0
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