
Title Study on the assessment of hepatic congestion and fibrosis in dogs with cardiac disease using
Shear Wave Elastography

Author(s) 塩原, 希

Degree Grantor 北海道大学

Degree Name 博士(獣医学)

Dissertation Number 甲第16945号

Issue Date 2026-03-25

DOI https://doi.org/10.14943/doctoral.k16945

Doc URL https://hdl.handle.net/2115/99790

Type doctoral thesis

File Information Nozomi_Shiohara.pdf, 全文

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



i 

Study on the assessment of hepatic congestion and 

fibrosis in dogs with cardiac disease using Shear Wave 

Elastography 

（⽝の⼼疾患における剪断波エラストグラフィ

を⽤いた肝うっ⾎および肝線維化の評価に関す

る研究） 

Shiohara Nozomi



  

 ii 

Contents 
Abbreviations ................................................................................................................ iii 

 

General Introduction ..................................................................................................... 1 

 

Chapter 1 

Evaluation of the utility of Two-Dimensional Shear Wave Elastography in 

assessing hepatic congestion induced by volume loading in dogs 

 

1. Introduction .......................................................................................................... 5 

2. Materials and methods .......................................................................................... 6 

3. Results ................................................................................................................ 11 

4. Discussion ........................................................................................................... 16 

5. Summary ............................................................................................................. 20 

 

Chapter 2 

Assessment of hepatic Shear Wave Speed and Dispersion Slope using Two-

Dimensional Shear Wave Elastography in dogs with heart disease 

 

1. Introduction ........................................................................................................ 22 

2. Materials and methods ........................................................................................ 23 

3. Results ................................................................................................................ 29 

4. Discussion ........................................................................................................... 38 

5. Summary ............................................................................................................. 43 

 

General Conclusion ...................................................................................................... 44 

Acknowledgement ......................................................................................................... 46 

References ...................................................................................................................... 47 

Summary in Japanese（和⽂要旨） .......................................................................... 55 

  



  

 iii 

Abbreviations 
   
2D-SWE; two-dimensional shear wave elastography 
ACE; angiotensin converting enzyme 
ALP; alkaline phosphatase 
ALT; alanine aminotransferase 
ASD; atrial septal defect 
AUC; area under the curve 
Cl; confidence interval 
CVC; caudal vena cava 
CVP; central venous pressure 
DS; dispersion slope 
LD; long diameter 
LVOT-VTI; velocity time integral of left ventricular outflow tract 
LA/Ao; left atrial to aortic root ratio 
MMVD; myxomatous mitral valve disease 
PDA; patent ductus arteriosus 
PH; pulmonary hypertension 
PS; pulmonic stenosis 
RAA; right atrial area 
RHF; right-sided heart failure 
ROC; receiver-operating characteristic 
ROI; region of interest 
SD; short diameter 
SWS; shear wave speed 
T-Bill; total bilirubin 
TRV; tricuspid regurgitant velocity 
TVD; tricuspid valve dysplasia 
VSD; ventricular septal defect 
 
  



  

 1 

General Introduction 

 
Heart failure represents the terminal stage of various cardiac diseases, including 

valvular heart disease, cardiomyopathy, and pulmonary hypertension. Once 

compensatory mechanisms are exhausted, systemic congestion and reduced cardiac 

output become the predominant pathophysiological features, predisposing patients to 

multi-organ dysfunction. Among the organs affected, the liver is particularly susceptible 

to the hemodynamic alterations associated with right-sided heart failure (RHF). 

In RHF, increased central venous pressure (CVP) leads to passive hepatic 

congestion, resulting in dilation of hepatic veins, capillaries, and sinusoids, as well as 

compression of intrahepatic bile ducts. These changes cause hepatocellular atrophy and 

necrosis, and persistent congestion promotes chronic injury that may ultimately 

progress to hepatic fibrosis1-6. In human patients with heart failure, hepatic congestion 

has been identified as an important prognostic factor7. Moreover, reduced cardiac output 

can impair systemic and hepatic perfusion, producing centrilobular necrosis classically 

described as “hypoxic hepatitis” or “hypoxic liver injury.”3-5, 8 Such hypoxic and 

congestive insults may synergistically accelerate hepatic fibrosis9-11. Thus, the liver is 

highly particularly susceptible to the hemodynamic burden of heart failure1,3,4, 

underscoring the importance of accurate assessment of hepatic congestion and 

dysfunction in both human and veterinary patients. 

The current gold standard for assessing systemic congestion involves direct 

measurement of CVP or right atrial pressure (RAP) via central venous or right heart 

catheterization. These hemodynamic indices are closely associated with prognosis in 

human heart failure12. However, in veterinary medicine, catheterization is an invasive 

procedure requiring general anesthesia and carries potential risks such as infection, 

hemorrhage, thrombosis, and valvular trauma13-16. Likewise, liver biopsy—the 

diagnostic gold standard for hepatic fibrosis and congestion—is invasive, associated 

with serious complications17-18, and prone to sampling error due to heterogeneous 

distribution of lesions19. Accordingly, there is a substantial need for reliable, 

quantitative, and non-invasive methods to evaluate hepatic congestion. 
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In both canine and human patients, the caudal vena cava (CVC in dogs) and 

inferior vena cava (IVC in humans) are compliant vessels that dynamically change in 

diameter in response to fluctuations in CVP. Several studies have demonstrated that the 

diameters of the CVC and IVC correlate with CVP20-22. Consequently, ultrasonographic 

measurement of CVC and IVC diameters has been widely employed as a non-invasive 

surrogate marker of venous congestion. In particular, the ratio of the short diameter 

(SD) to the long diameter (LD) of the CVC (CVC SD/LD ratio) has shown good 

diagnostic accuracy for RHF23. However, because of their high compliance, the 

diameters of these veins are strongly influenced by respiratory variation. In human 

clinical settings, IVC respiratory variation can be standardized using a sniff maneuver. 

In veterinary medicine, however, such standardization is not possible because 

respiratory patterns cannot be uniformly controlled in animal patients. This respiratory 

dependency contributes to considerable interrater and intrapatient variability, limiting 

the reliability of these indices24, 25. These limitations highlight the need for more 

objective and quantitative imaging biomarkers of organ congestion. 

Two-dimensional shear wave elastography (2D-SWE) is an advanced 

ultrasonographic technique that enables quantitative assessment of tissue mechanical 

properties by generating shear waves through acoustic radiation force and measuring 

their propagation velocity. The primary parameter obtained by 2D-SWE is shear wave 

speed (SWS), which reflects tissue viscoelasticity; higher SWS values indicate 

increased tissue stiffness26-31. In addition, a novel parameter called dispersion slope 

(DS) has been developed to evaluate tissue viscosity independently of elasticity. DS 

quantifies the frequency dispersion phenomenon—variation of SWS with the frequency 

of acoustic pulses—and higher DS values indicate greater tissue viscosity32-35. Increased 

tissue elasticity is typically associated with fibrosis, whereas increased viscosity is 

associated with inflammatory and congestive changes. 

Previous experimental studies have demonstrated that congestion leads to 

increased viscoelasticity in hepatic tissues, as measured by 2D-SWE. In animal models, 

hepatic congestion induced by IVC clamping in pigs resulted in elevated SWS 

values36,37. Furthermore, our laboratory has reported a strong correlation between 

hepatic SWS measured by 2D-SWE and RAP in a canine model of volume overload–
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induced liver congestion38. These findings suggest that 2D-SWE may serve as a 

promising tool for non-invasive assessment of hepatic congestion. In human patients 

with heart failure, both SWS and DS have been associated with disease severity and 

prognosis, further underscoring the clinical relevance of these parameters39-42. 

Despite these encouraging results, research on the application of 2D-SWE to 

naturally occurring canine heart disease remains limited, and its clinical significance is 

not fully established. Furthermore, since DS is a novel parameter, its potential utility as 

a biomarker for hepatic congestion or fibrosis in veterinary medicine remains unclear. 

Therefore, this study aimed to evaluate hepatic congestion and fibrosis in dogs with 

cardiac disease using 2D-SWE and to investigate the diagnostic value of both SWS and 

DS. This study aimed to characterize how SWS and DS change in dogs with heart 

disease, identify the factors associated with these variations, and evaluate their clinical 

utility. 
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1. Introduction 

 
In veterinary medicine, the evaluation of hepatic congestion has mainly relied on 

indirect indicators such as liver enzyme activity, radiographic findings, or 

ultrasonographic features including hepatomegaly and dilation of the CVC and hepatic 

veins. However, these qualitative findings are influenced by hemodynamic and 

respiratory variations and lack quantitative accuracy24, 25. Thus, a reliable, non-invasive, 

and quantitative method for assessing hepatic congestion in dogs remains an unmet 

clinical need. 

Previous study has demonstrated a strong correlation between hepatic SWS and 

RAP in a canine model of hepatic congestion induced by volume overload, suggesting 

that SWS may be a useful indicator for evaluating hepatic congestion38. However, SWS 

is also strongly influenced by hepatic fibrosis26-31. In clinical cases of cardiac disease, it 

is often difficult to determine whether an increase in SWS is due to reversible 

congestion or irreversible fibrosis. To overcome this limitation, a novel ultrasound 

parameter known as DS has been developed, which reflects tissue viscosity 

independently of elasticity32-35. Because DS is less affected by fibrosis and more closely 

related to congestion and inflammation, it may provide a more specific assessment of 

hepatic congestion than SWS. Nevertheless, the utility of DS for evaluating hepatic 

congestion has not yet been clarified in the veterinary field. 

Therefore, this study aimed to evaluate the diagnostic utility of 2D-SWE, including 

both SWS and DS, in assessing hepatic congestion induced by volume overload in dogs. 

By performing 2D-SWE before and after blood transfusion in anemic dogs, we sought 

to determine whether these parameters could reflect hemodynamic changes associated 

with systemic congestion. 
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2. Materials and methods 
 

2.1 Animals 

Dogs that presented to Hokkaido university veterinary teaching hospital during 

April 2020 and December 2023 and received blood transfusions for anemia were 

prospectively included in the study. Data on age, sex, body weight, breed, and the type 

of transfusion product administered were recorded for all dogs. Each dog underwent 

physical examination, complete blood count, serum biochemical analysis, and 

abdominal ultrasonography. We excluded dogs with evident liver abnormalities, such as 

masses, changes in size or echogenicity detected on ultrasound examination; cases with 

significant alanine transaminase (ALT) elevations (>5 times the upper limit of normal, 

≥390 U/L), hyperbilirubinemia; those receiving corticosteroids such as prednisolone; 

and cases with a history of neoplastic disease. All animal experiments were approved by 

Hokkaido University Veterinary Teaching Hospital (HUVTH-CR 21-01). Informed 

owner's consent was obtained in all cases. 

 

2.2 Blood transfusion 

The decision to transfuse was made by the respective treating veterinarian based on 

clinical and hematological variables and the severity of anemia. All patients received 

pre-transfusion medications consisting of famotidine (1 mg/kg subcutaneously) and 

diphenhydramine (2 mg/kg subcutaneously). The transfusion was initiated at a slow rate 

(0.5–1.0 mL/kg/h) for the first 30 min, after which the rate was gradually increased. The 

transfusion was completed within 4 h of initiation. During transfusion, heart rate, 

respiratory rate, rectal temperature, and physical appearance were monitored and 

recorded at least every 30 min using a standard transfusion monitoring protocol.  

 

2.3 Measurement of 2D-SWE 

Ultrasound imaging was performed using an ultrasound scanner (Aplio i800; 

Canon Medical Systems) with a convex probe (i8CX1, 1.8–6.2 MHz). 2D-SWE was 

conducted on the right lobe of the liver before and after transfusion, following human 

elastography guidelines and previously established protocols for dogs31, 43, 44. The right 
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lobe of the liver is deemed more appropriate for 2D-SWE measurements, as the left lobe 

is more prone to interference from adjacent organs, including the heart, lungs, and 

stomach45, 46. When performing 2D-SWE of the liver, the dogs were positioned in left 

lateral recumbency, the ultrasound probe was placed parallel to and within the 

intercostal space, and sufficient gel was applied to minimize rib shadowing. Hepatic 

images of the right lobe parenchyma were acquired using the intercostal approach under 

visual control in B-mode. To minimize the effect of respiratory motion, measurements 

were taken at the end-expiratory phase, and both SWS and DS were recorded. 2D-SWE 

measurements were performed immediately before the transfusion began and 

immediately after it ended.  

The display mode can be switched post-data acquisition to one of four modes: 

speed, elasticity, propagation, or dispersion. In the speed mode, SWS is displayed as a 

color map (range, 0.5–6.5 m/s); in the elasticity mode, Young's modulus is mapped 

(range, 0–120 kPa); and in the dispersion mode, DS is mapped (range, 0–70 (m/s)/kHz). 

The SWS, Young's modulus, and DS values are visualized as color gradations, with 

blue, green, yellow, and red corresponding to increasing tissue stiffness. Areas in the 

color map that lack color-coding indicate the absence of shear waves (Figure 1). The 

propagation mode visually represents propagating shear waves within tissue as contour 

lines. Parallel contour lines indicate high reliability; thus, the region of interest (ROI) 

was assessed using the speed and dispersion modes. The ROI diameter was standardized 

to 10 mm and positioned within the parenchyma of the right hepatic lobe to avoid areas 

that were not color-coded or regions containing large blood vessels (Figure 1). Ten 

measurements were taken for each dog, and the median SWS and DS values of were 

recorded as representative measurements. 2D-SWE was conducted by a single 

sonographer with seven years of experience in SWE, ensuring consistent imaging 

conditions throughout the study. 

 

2.4 Evaluation of congestion 

The CVC was evaluated before and after transfusion as an indicator of congestion. 

Based on a previous study23, a probe was placed in a transverse position between the 

10th to 12th right dorsolateral intercostal spaces to acquire the CVC measurements 
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(Figure 2-A). If the CVC was not clearly visible, or if interference from the lungs or 

kidneys was present, the probe was moved one intercostal space cranially or caudally. 

The liver was used as the acoustic window to ensure a clear image of the CVC. All 

measurements were obtained with the dogs lying motionless and breathing quietly. The 

shape of the CVC varies with the respiratory phase, reaching its minimum during 

inspiration and maximum during expiration. Based on previous studies, the LD and the 

short diameter (SD), which is perpendicular to the LD, of the CVC were measured 

when the CVC reached its minimum size during inspiration (Figure 2-B). These values 

were recorded before and after the transfusion, and the minimum ratio of SD to LD 

(CVC SD/LD) was calculated as an index of congestion. A previous study reported that 

the CVC SD/LD is significantly elevated in dogs with RHF compared to healthy dogs 

or dogs with heart disease without RHF, with a cutoff value of 0.665 proving useful for 

identifying RHF23. 
 
2.5 Statistical analysis 

Statistical analyses were performed using commercially available statistical 

software (JMP Pro version 17.2.0; SAS Institute, Cary, North Carolina, USA). All 

continuous variables were assessed for normality using the Shapiro-Wilk test. Data that 

followed a normal distribution are presented as mean ± standard deviation, whereas 

non-normally distributed data are reported as median and interquartile range. Paired t-

tests were used to compare changes in SWS, DS, and CVC SD/LD before and after 

transfusion. The relationships between SWS, DS, and CVC SD/LD were analyzed using 

Pearson’s correlation coefficients. Differences were considered statistically significant 

when P values were <0.05. 
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Figure 1. Speed mode (A, B) and dispersion mode (C, D) images of 2D-SWE in the 

liver 

 
Speed mode displays the SWS map (A) and the propagation map (B), while dispersion 

mode shows the DS map (C) and the propagation map (D). Speed mode measures SWS 

in m/s, and dispersion mode measures DS in [(m/s)/kHz]. The circle in each map 

represents the region of interest (ROI: T1; 10 mm diameter). 
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Figure 2. Ultrasonographic measurement of the caudal vena cava (CVC) short-to-long 

diameter ratio (SD/LD) 

 

The CVC was visualized in a transverse plane at the level of the hepatic hilum (A). 

During inspiration, the maximal collapse of the CVC was identified, and the longest 

diameter (LD) along the vessel and the shortest diameter (SD) perpendicular to the LD 

were measured (B). The SD/LD ratio was calculated as an index of congestion. 

CVC SD/LD: ratio of short diameter and long diameter of caudal vena cava 
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3. Results 
 

3.1 Population characteristics 

Of the dogs that received transfusions during the study period, 21 underwent 2D-

SWE. One dog with an underlying lymphoma and three dogs with incomplete liver 

SWE data were excluded, leaving 17 dogs included in the study. Two of the 17 dogs 

received multiple transfusions, resulting in a total of 20 transfusions. 

The cohort consisted of eight males and nine females, with a median age of 11.8 ± 

4.1 years and a median body weight of 5.4 ± 1.9 kg. The breed distribution was as 

follows: six Miniature Dachshunds; two each of Chihuahua, American Cocker Spaniel, 

and Mixed breed; and one each of Toy Poodle, Pomeranian, Maltese, Cavalier King 

Charles Spaniel, and West Highland White Terrier. All animals were administered 

packed red blood cells at a dose of 20 mL/kg. No serious adverse reactions were 

observed during or after the transfusions. 

 

3.2 Assessment of 2D-SWE and CVC Measurements 

The SWS, DS, and CVC SD/LD results before and after transfusion are presented 

in Table 1. The liver SWS before and after transfusion was 1.33 ± 0.12 m/s and 1.75 ± 

0.19 m/s, respectively, showing a significant increase post-transfusion (Figure 3-A). 

The liver DS values before and after transfusion were 12.05 ± 1.17 [(m/s)/Hz] and 16.85 

± 1.98 [(m/s)/Hz], respectively, also significantly higher after transfusion (Figure 3-B). 

The liver color map before transfusion was primarily dark blue for both SWS and DS, 

whereas after transfusion, it was light blue to green, indicating elevated values (Figure 

4-A, B). 

CVC SD/LD values before and after transfusion were 0.32 ± 0.11 and 0.72 ± 0.09, 

respectively, with a significant increase post-transfusion (Figure 3-C). 

Correlations between the liver SWS, DS, and CVC SD/LD are shown in Figure 5. 

A moderate positive correlation was observed between the liver SWS and CVC SD/LD 

(r = 0.781, P < 0.001), whereas a strong positive correlation was observed between the 

liver DS and CVC SD/LD (r = 0.900, P < 0.001).  
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Table 1. Results of SWS, DS, and CVC SD/LD in the liver before and after transfusion 

Parameter Pre-Transfusion Post-Transfusion P value 
Liver SWS (m/s) 1.33 ± 0.12 1.75 ± 0.19 < 0.001 
Liver DS [(m/s)/Hz] 12.05 ± 1.17 16.85 ± 1.98 < 0.001 
CVC SD/LD 0.32 ± 0.11 0.72 ± 0.09 < 0.001 

CVC SD/LD: ratio of short diameter and long diameter of caudal vena cava; DS: 

dispersion slope; SWS: shear wave speed 
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Figure 3. Comparison of each variable before and after transfusion. 

 
Each panel illustrates changes in hepatic SWS(A) and DS (B), CVC SD/LD (C) before 
and after transfusion. The asterisk (*) indicates a statistically significant difference 
with P values. CVC, caudal vena cava; LD, long diameter; SD, short diameter. 

0.1

0.3

0.5

0.7

0.9

Pre Post

CV
C 

SD
/L

D

CVC SD/LD
＊

(C)

1

1.2

1.4

1.6

1.8

2

2.2

2.4

Pre Post

SW
S 

(m
/s

)

Liver
＊

(A)

5

10

15

20

25

30

Pre Post

DS
 [(

m
/s

)/
Hz

]

Liver
＊

(B)



  

 14 

Figure 4. Color maps of SWS in the liver and before and after transfusion. 

 
Before transfusion, the liver's color map was represented in dark blue (A), but after 
transfusion, it shifted to light blue to green (B), indicating an increase in SWS. SWS, 
shear wave speed. 
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Figure 5. Correlation between liver SWS, DS, and CVC SD/LD. 

A moderate positive correlation was observed between liver SWS and CVC SD/LD (r = 
0.781, P < 0.001). A strong positive correlation was found between liver DS and CVC 
SD/LD (r = 0.900, P < 0.001)
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4. Discussion 
 

In this study, 2D-SWE was used to assess the liver before and after transfusion to 

evaluate the efficacy of SWS and DS in detecting hepatic congestion. 2D-SWE 

measurements were conducted on the right hepatic lobe.  

 

Congestion and CVC 

In the medical field, ultrasonographic examination of the IVC is a routine and 

noninvasive method for estimating RAP and CVP, with various IVC parameters 

demonstrating utility21,22,45-47. Specifically, the ratio of the SD to the LD of the IVC 

(IVC SD/LD) correlates well with CVP and serves as a reliable indicator of 

congestion47,48. Although there are no veterinary studies comparing CVC SD/LD 

directly with CVP or RAP, CVC SD/LD has been reported to be significantly elevated 

in dogs with RHF compared to healthy dogs or dogs with heart disease without RHF, 

indicating its diagnostic potential for RHF23. The results of this study further support 

this finding, demonstrating that CVC SD/LD significantly increases after blood 

transfusion, suggesting its potential utility in assessing clinical congestion in veterinary 

practice.  

 

SWS for liver congestion 

This study found a significant increase in the liver SWS after transfusion. Tissue 

stiffness is affected by both elasticity and viscosity. Elasticity is primarily increased by 

fibrosis, making SWS a valuable indicator of fibrosis in both the medical and veterinary 

fields26-31. Conversely, several studies in humans and dogs have indicated that viscous 

factors, such as inflammation and bile congestion related to extrahepatic bile duct 

obstruction, can elevate liver SWS50-54. This has led to growing interest in the utility of 

SWS as an indicator of tissue viscosity. Furthermore, experimental studies in pigs36,37 

and dogs38 have demonstrated that hepatic congestion, as a viscous factor, elevated 

SWS. Experimental models in pigs36,37, in which the IVC was clamped to induce 

hepatic congestion, showed a marked increase in liver SWS, correlating perfectly with 

CVP (r = 1.00). Furthermore, when the IVC was unclamped, the SWS decreased to 



  

 17 

baseline levels, similar to those observed before clamping. Histopathological 

examination revealed enlarged central veins and sinusoids within the hepatic lobes, 

along with hepatocyte edema—findings consistent with hepatic congestion. Similarly, 

canine models38 subjected to intravenous volume overload showed a significant increase 

in liver SWS and strong correlation with RAP (r = 0.9729). The present study 

corroborates these findings by demonstrating a significant increase in liver SWS with 

volume loading, likely reflecting increased viscosity due to hepatic congestion. 

However, the correlation between the SWS and CVC SD/LD was moderate (r = 0.781). 

This might be attributed to a potential dissociation between the CVC SD/LD and CVP. 

While a positive correlation between the IVC SD/LD and CVP has been observed in 

human studies (r=0.75-0.849)48,49, such data are lacking in veterinary literature. 

Additionally, because the CVC is sensitive to respiratory changes, a lower correlation 

with CVP is expected in dogs, where controlling breathing is more challenging than in 

humans. Studies on dogs have documented significant interrater variability between 

CVC measurements24,25. Therefore, the results of this study do not refute the correlation 

between SWS and CVP; rather, they suggest that SWS may have a stronger correlation 

with CVP than with the CVC variables. 

 

DS for liver congestion  

DS is a novel indicator in 2D-SWE that estimates tissue viscosity based on the 

frequency dependence of shear waves. Although DS has been reported to be elevated in 

conditions such as hepatitis and fatty liver32-35, 55-57, its use for assessing congestion is 

less well documented. Studies on human cardiac patients have reported elevated liver 

DS levels with increasing severity of cardiac disease40. In this study, a moderate 

correlation (r = 0.45) was observed between liver DS and right atrial size; however, 

there was no significant correlation with RAP. Another study identified high liver DS as 

an independent prognostic factor in human patients with heart disease, although it found 

no substantial correlation between DS and congestion indices such as IVC diameter or 

RAP39. Additionally, a weak correlation (r = 0.177) was observed between DS and 

P4NP7S, a marker of liver fibrosis. These findings may be attributed to the fact that 

SWE and RAP measurements were conducted during the chronic phase of heart failure, 
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potentially missing the peak of elevated CVP during the acute phase. Furthermore, 

factors such as liver fibrosis and inflammation resulting from chronic congestion and 

heart failure may have confounded the results. 

In our study, DS values were significantly elevated after transfusion, similar to 

SWS values. Given that SWE was performed immediately after the transfusion, 

secondary fibrosis was unlikely, indicating that the observed changes were attributable 

to increased viscosity due to congestion. DS demonstrated a stronger correlation with 

CVC SD/LD (r = 0.900) than with SWS (r = 0.781), suggesting that DS is a more 

reliable indicator of congestion. Future studies are needed to compare DS and SWS 

using direct CVP measurements to further validate the relative effectiveness of DS. 

 

In this study, 2D-SWE measurements were taken only immediately after 

transfusion, and it was not possible to assess whether the elevated SWS and DS were 

temporary changes. However, previous studies in dogs and pigs have reported that the 

increase in SWS induced by volume loading is reversible and returns to baseline over 

time36,37. Therefore, the changes in SWS and DS observed in this study are likely 

reversible and are expected to improve with fluid redistribution. 

 

The results of this study indicate that 2D-SWE, which measures both SWS and 

DS, can be a valuable noninvasive tool for evaluating liver congestion. However, in 

heart failure, the stiffness of these organs can be influenced by both congestion and 

fibrosis. Chronic congestion in patients with heart failure can lead to fibrosis of the 

liver,1, 6, 58, 59, and chronic liver disease can contribute to hepatic fibrosis and 

dysfunction. Given that fibrosis is irreversible whereas congestion may improve with 

early treatment, it is crucial to differentiate between these conditions60-62. However, 

because both congestion and fibrosis increase tissue stiffness (viscoelasticity), 

distinguishing between them using the current viscoelasticity index (SWS) is 

challenging. DS, a newer index that specifically measures viscosity without being 

influenced by elasticity, can help differentiate between fibrosis and congestion. 

Combining SWS and DS may provide a more accurate assessment of liver conditions. 
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Further studies are needed to validate the effectiveness of 2D-SWE in distinguishing 

these conditions in patients with cardiac disease. 

 

Clinical Implications and Practical Considerations 

2D-SWE represents a promising non-invasive modality for the assessment of organ 

congestion. However, interpretation of SWS values requires caution, as elevations may 

also be observed in the presence of fibrosis. DS, which reflects tissue viscosity 

independently of elasticity, may help address this limitation. Nevertheless, increased DS 

values can also be influenced by other viscosity-related factors, such as inflammation, 

and these potential confounders should be taken into account in clinical interpretation. 

 

Limitations 

This study has several limitations. First, the sample size was limited, and the 

congestion induced by volume loading may not fully represent the pathophysiology of 

naturally occurring conditions. Second, CVP, the gold standard for measuring 

congestion, was not assessed, which may have affected the accuracy of the congestion 

evaluation. Third, histopathological examination was not performed, and other 

concurrent diseases that affect liver stiffness may have been present. Fourth, this study 

did not include cardiac function data (e.g., cardiac output and systemic vascular 

resistance), and the possibility that these factors may have confounded the 2D-SWE 

measurements cannot be excluded. 
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5. Summary 
 

Heart failure, the terminal stage of various cardiac diseases, is frequently 

accompanied by hepatic congestion due to elevated central venous pressure. Hepatic 

congestion is an important pathophysiological condition closely associated with the 

prognosis of heart failure; however, a simple and quantitative method for evaluating its 

severity has not yet been established. Two-dimensional shear wave elastography (2D-

SWE) is a noninvasive ultrasound technique that estimates tissue stiffness by measuring 

shear wave speed (SWS), an index of tissue viscoelasticity, and dispersion slope (DS), 

which reflects tissue viscosity alone. This study aimed to assess the utility of SWS and 

DS in evaluating hepatic congestion in dogs by performing 2D-SWE before and after 

blood transfusion. The ratio of the short to long diameter of the caudal vena cava (CVC 

SD/LD ratio) was used as an ultrasonographic index of systemic venous congestion. A 

total of 20 transfusions were administered to 17 dogs. After transfusion, both hepatic 

SWS and DS, as well as the CVC SD/LD ratio, increased significantly (P < 0.01). A 

moderate positive correlation was observed between the CVC SD/LD ratio and hepatic 

SWS (r = 0.781, P < 0.01), whereas a strong positive correlation was found between the 

CVC SD/LD ratio and hepatic DS (r = 0.900, P < 0.01). These findings suggest that 2D-

SWE may serve as a valuable, noninvasive tool for assessing hepatic congestion in 

dogs, with DS potentially providing a more sensitive and reliable indicator of 

congestion than SWS. 
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Chapter 2 

 

Assessment of hepatic Shear Wave Speed and 

Dispersion Slope using Two-Dimensional Shear Wave 

Elastography in dogs with heart disease 
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1. Introduction 
 

Based on the findings of Chapter 1, both of SWS and DS was predominantly 

increased in hepatic congestion. In dogs with cardiac disease, chronic elevation of CVP 

resulting from RHF leads to hepatic congestion, which can progress to fibrosis with 

persistent or recurrent hemodynamic overload. Therefore, in clinical settings, both 

reversible congestion and irreversible fibrosis may coexist in varying proportions within 

the same liver, making it challenging to distinguish between these pathophysiological 

processes using conventional diagnostic modalities. 

Ultrasonographic findings such as hepatomegaly and dilation of the CVC and 

hepatic veins are commonly used to evaluate hepatic congestion in dogs. However, 

these morphological changes are subjective and influenced by factors such as 

respiration, body condition, and imaging angle, resulting in considerable variability24,25. 

Similarly, biochemical parameters such as serum liver enzyme activities are nonspecific 

and may not accurately reflect the degree of hepatic structural change. Consequently, 

there remains a need for reliable, quantitative, and non-invasive indices that can detect 

hepatic congestion at an early, potentially reversible stage and differentiate it from 

established fibrosis. 

2D-SWE enables quantitative assessment of hepatic viscoelastic properties through 

the measurement of SWS and DS. Given that SWS reflects elasticity and correlates with 

fibrosis, while DS reflects viscosity and correlates with congestion and inflammation, 

combined evaluation of these two parameters may allow for more detailed 

characterization of hepatic pathophysiology in dogs with heart disease26-35. Furthermore, 

since 2D-SWE can be performed repeatedly and non-invasively, it offers potential 

utility not only for initial diagnosis but also for longitudinal monitoring of treatment 

response and disease progression. 

Therefore, this chapter aimed to measure and compare SWS and DS in the livers of 

dogs with naturally occurring heart disease, to clarify their clinical significance and to 

identify factors contributing to variation in these parameters. 
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2. Materials and methods 
 

2.1 Animals 

Client-owned dogs in which structural cardiac abnormalities were detected by 

echocardiographic examination were prospectively enrolled from cases presented to the 

Hokkaido University Veterinary Teaching Hospital between January 2021 and June 

2025. Dogs were excluded if they had a history of primary liver disease; 

ultrasonographic evidence of hepatic parenchymal abnormalities (e.g., masses, 

parenchymal echogenic changes, irregular margins); marked increases in serum alanine 

aminotransferase (ALT > 5 × the upper reference limit, >390 U/L); hyperbilirubinemia 

(>0.5 mg/dL); severe hypoalbuminemia (<1.6 g/dL); or were receiving corticosteroids 

such as prednisolone. Dogs with neoplasia or portal vein thrombosis, which may cause 

effusion unrelated to heart disease, were also excluded based on abdominal 

ultrasonography. 

For all cases, age, sex, body weight, breed, concurrent cardiovascular medications, 

and type of underlying structural heart disease (e.g., valvular disease, pulmonary 

hypertension [PH], congenital heart disease) were recorded. Abdominal 

ultrasonography was performed in all dogs to confirm the presence or absence of 

ascites. Dogs with ascites were classified as the RHF group, and those without ascites as 

the non-RHF group. If ascites could be sampled, peritoneal fluid analysis via 

paracentesis was performed to confirm transudative ascites. In cases where sampling 

was not possible, disappearance of ascites following treatment for heart failure was used 

to classify dogs into the RHF group. The study protocol was approved by the 

Institutional Animal Care and Use Committee of the Hokkaido University Veterinary 

Teaching Hospital (HUVTH-CR 21-01). Informed consent was obtained from all 

owners prior to enrollment. 

 

2.2 Echocardiography 

Echocardiography was performed by a single experienced veterinarian using either 

an Artida system (Toshiba Medical Systems, Tochigi, Japan; 4.4–6.2 MHz sector 

probe) or a Vivid E95 system (GE Healthcare, Chicago, IL, USA; 2.7–8.0 MHz sector 
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probe). Dogs were examined in right and left lateral recumbency without sedation, and a 

simultaneous lead II ECG was recorded. 

B-mode and color doppler imaging were used to assess cardiac morphology, 

chamber enlargement, and abnormal blood flow (e.g., valvular regurgitation, shunt 

lesions). The diagnosis of pulmonary hypertension (PH) was based on the American 

College of Veterinary Internal Medicine guidelines63, and cases with a high probability 

of PH were included and subclassified as Group 1 (pulmonary arterial hypertension due 

to congenital shunt), Group 2 (PH secondary to left heart disease), or PH of unknown 

origin. 

As an index of left atrial size, the left atrial-to-aortic root diameter ratio (LA/Ao) 

was obtained in the right parasternal short-axis view immediately after aortic valve 

closure64,65. Stroke volume was estimated by measuring the left ventricular outflow tract 

velocity-time integral (LVOT-VTI) from an apical five-chamber view using pulsed 

doppler at the aortic valve annulus (Figure 8). Tricuspid regurgitation (TR) was 

assessed with color doppler, and maximum TR velocity (TRV) was obtained using 

continuous-wave doppler when present. 

Echocardiographic examination of the right atrium was performed from the left 

apical 4-chamber view optimized for the right heart. Right atrial area (RAA) was 

measured by tracing right atrium at end-systole, excluding the area between the leaflets 

and annulus, following the right atrial endocardium, and excluding the caudal vena 

cava, cranial vena cava, and right atrial appendage. The RAA index66 was calculated as 

RAA divided by body surface area as an indicator of right atrial enlargement (Figure 9). 

All measurements were performed offline by a single operator evaluating 3 cardiac 

cycles, and mean values were calculated. 

 

2.3 Two-dimensional Shear Wave Elastography (2D-SWE) 

Ultrasound imaging was performed using an Aplio i800 ultrasound system (Canon 

Medical Systems) with a convex probe (i8CX1, 1.8–6.2 MHz) same with Chapter 1 and 

2. 2D-SWE was conducted on the right lobe of the liver following human elastography 

guidelines and previously established protocols for dogs31, 43, 44. When performing 2D-

SWE of the liver, the dogs were positioned in left lateral recumbency, the ultrasound 
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probe was placed parallel to and within the intercostal space, and sufficient gel was 

applied to minimize rib shadowing. Hepatic images of the right lobe parenchyma were 

acquired using the intercostal approach under visual control in B-mode. To minimize 

the effect of respiratory motion, measurements were taken at the end-expiratory phase, 

and both SWS and DS were recorded. In the speed mode, SWS is displayed as a color 

map (range, 0.5–6.5 m/s) and in the dispersion mode, DS is mapped (range, 0–70 

(m/s)/kHz). The SWS and DS values are visualized as color gradations, with blue, 

green, yellow, and red corresponding to increasing tissue stiffness. Areas in the color 

map that lack color-coding indicate the absence of shear waves (Figure 1). The 

propagation mode visually represents propagating shear waves within tissue as contour 

lines. Parallel contour lines indicate high reliability; thus, the region of interest (ROI) 

was assessed using the speed and dispersion modes. The ROI diameter was standardized 

to 10 mm and positioned within the parenchyma of the right hepatic lobe to avoid areas 

that were not color-coded or regions containing large blood vessels (Figure 1). Ten 

measurements were taken for each dog, and the median SWS and DS values were 

recorded as representative measurements. 2D-SWE was conducted by a single 

sonographer with seven years of experience in SWE, ensuring consistent imaging 

conditions throughout the study. 

 

2.4 Assessment of Congestion 

The caudal vena cava (CVC) was evaluated by abdominal ultrasound as an 

indicator of systemic venous congestion same with Chapter1. Following the protocol 

described in a previous study23, the probe was positioned transversely between the 10th 

and 12th right dorsolateral intercostal spaces (Figure 2-A). When the CVC could not be 

clearly visualized, or when image quality was compromised by interference from the 

lungs or kidneys, the probe was adjusted one intercostal space cranially or caudally. The 

liver served as the acoustic window to optimize visualization of the CVC. All 

measurements were obtained with dogs in lateral recumbency, lying quietly and 

breathing spontaneously. 

The morphology of the CVC varied with the respiratory cycle, reaching its 

minimum dimension during inspiration and its maximum during expiration. In 
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accordance with previous reports, the long diameter (LD) and short diameter (SD; 

measured perpendicular to the LD) were obtained at end-inspiration, when the CVC 

diameter was smallest (Figure 2-B). The minimum ratio of SD to LD (CVC SD/LD) 

was calculated as an index of venous congestion. A prior study demonstrated that the 

CVC SD/LD is significantly increased in dogs with RHF compared with both healthy 

dogs and dogs with cardiac disease without RHF, with a cutoff value of 0.665 providing 

diagnostic utility for RHF23. 

 

2.5 Statistical analysis 

Data distribution was assessed using the Shapiro–Wilk test. Variables with normal 

distribution were expressed as mean ± standard deviation, whereas non-normally 

distributed variables were expressed as median (interquartile range). Statistical analyses 

were performed using commercial software (JMP Pro 17, SAS Institute Inc., Cary, NC, 

USA; EZR on R commander, Saitama Medical Center, Jichi Medical University, 

Saitama, Japan). 

Differences between groups (RHF vs. non-RHF) were evaluated using the 

Wilcoxon rank-sum test. Variables showing significant differences were further 

analyzed by receiver operating characteristic (ROC) curve analysis, and the area under 

the curve (AUC) was calculated. AUC values were interpreted as follows: >0.9, strong 

correlation; 0.7–0.9, moderate correlation; 0.5–0.7, weak correlation; ≤0.5, no 

correlation67. Optimal cutoff values and their corresponding sensitivity and specificity 

were determined using the Youden index68. 

Spearman’s rank correlation coefficients were calculated to examine associations 

among clinical variables. Multiple regression analysis was performed with SWS and DS 

as dependent variables, and LVOT-VTI, CVC SD/LD, TRV, and RAA index as 

explanatory variables. Stepwise variable selection was applied. For all statistical 

comparisons, differences were considered statistically significant when P values were 

<0.05. 
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Figure 8. Measurement of left ventricular outflow tract velocity–time integral (LVOT-

VTI) 

 

(A) From the left apical five-chamber view, the pulsed Doppler sample gate was 

positioned at the level of the aortic annulus in the left ventricular outflow tract. (B) The 

LVOT-VTI (15.31 cm) was measured by tracing the outer contour of the Doppler 

spectral envelope.  

(A) (B)

(A) (B)
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Figure 9. Measurement of right atrial area (RAA) 

 
From an apical four-chamber view optimized for the right atrium, the endocardial 

border of the right atrium was traced at end-systole to obtain the RAA. 
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3. Results 

 
3.1 Population characteristics 

During the study period, 112 client-owned dogs that underwent echocardiography 

and were found to have structural cardiac abnormalities underwent 2D-SWE of the 

liver. Four dogs were excluded due to a history of chronic corticosteroid administration 

(n = 2) or concomitant neoplastic disease (n = 2), and eight additional dogs were 

excluded because of insufficient imaging or clinical data. The final study population 

comprised 100 dogs. 

The non-RHF group included 73 dogs (20 Chihuahuas, 11 mixed breeds, 10 Toy 

Poodles, 6 Pomeranians, 3 Maltese, 3 Miniature Dachshunds, 3 Miniature Schnauzers, 3 

Shih Tzus, 3 Boston Terriers, and 11 others), while the RHF group included 27 dogs (4 

Chihuahuas, 4 mixed breeds, 3 French Bulldogs, 2 Toy Poodles, 2 Pomeranians, 2 

Shiba Inus, 2 Boston Terriers, 2 Miniature Schnauzers, and 6 others). Signalment, 

serum biochemical test results, medication history, and diagnosed cardiac diseases are 

summarized in Table 5. 

There were no significant differences between the non-RHF and RHF groups in 

terms of sex distribution, age, or body weight. Regarding cardiac medications, loop 

diuretic use was significantly higher in the RHF group (P < 0.001), whereas no 

differences were observed between the groups for other medications. 

Regarding liver-related serum biochemical parameters, ALT (P = 0.021) and ALP 

(P = 0.020) were significantly higher in the RHF group, whereas total bilirubin did not 

differ significantly between the groups (P = 0.323). 

The distribution of cardiac diseases in the non-RHF group was as follows: 48 cases 

of myxomatous mitral valve disease (MMVD) without PH, 8 cases of PH of unknown 

origin, 5 cases of atrial septal defect or ventricular septal defect (ASD/VSD), 4 cases of 

cardiomyopathy (dilated or hypertrophic), and 3 cases each of patent ductus arteriosus 

(PDA) or pulmonary artery stenosis (PS), with 2 cases of PH secondary to left heart 

disease (PH Group 2). 



  

 30 

In the RHF group, the distribution was as follows: 10 cases of PH Group 2, 10 

cases of PH of unknown origin, 4 cases of cardiac tamponade, and 1 case each of PH 

due to congenital heart disease (ASD, PH Group 1), pulmonary artery stenosis, and 

tricuspid valve dysplasia. 

 

3.2 Ultrasonography and 2D-SWE parameters 

Ultrasonographic findings, 2D-SWE measurements, and caudal vena cava (CVC) 

parameters for each group are summarized in Table 2. Compared to the non-RHF group, 

dogs in the RHF group had significantly lower LVOT-VTI (P < 0.001) and significantly 

higher TRV and RAA index (both P < 0.001). No significant difference was observed in 

LA/Ao between the groups (P = 0.880). 

The median hepatic SWS was 1.31 m/s (interquartile range, 1.25–1.37) in the non-

RHF group and 1.79 m/s (1.63–2.38) in the RHF group, with significantly higher values 

in the RHF group (p < 0.001). The median DS was 12.0 (11.0–13.5) in the non-RHF 

group and 16.4 (15.6–20.8) in the RHF group, also significantly higher in the RHF 

group (P < 0.001). Color maps of the liver in most non-RHF dogs were predominantly 

dark blue for both SWS and DS (Figure 10-A, B), whereas those in the RHF group were 

displayed as light blue to green to orange, reflecting elevated values (Figure 10-C, D). 

The CVC SD/LD ratio was significantly higher in the RHF group compared to the 

non-RHF group, with median values of 0.44 (0.33–0.53) and 0.69 (0.61–0.76), 

respectively (P < 0.001). 

 

3.3 Comparison of 2D-SWE Measurements with Other Parameters 

Correlations between SWS, DS, and other clinical parameters are summarized in 

Table 6. A strong positive correlation was observed between SWS and DS (r = 0.83, P 

< 0.001). Both SWS and DS showed moderate positive correlations with CVC SD/LD, 

RAA index, and TRV, and a moderate negative correlation with LVOT-VTI. 

 

3.4 Diagnostic performance of each parameter for detecting RHF 

To evaluate the diagnostic performance of each parameter for identifying RHF, 

ROC curves and corresponding AUCs were calculated. As shown in Table 6, DS 
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demonstrated the highest diagnostic accuracy, followed by SWS, CVC SD/LD, RAA 

index, and LVOT-VTI. 

 

3.5 Factors influencing the elevation of SWS and DS 

Stepwise multiple regression analysis was performed to identify factors associated 

with SWS and DS, using parameters that showed significant differences between groups 

(ALT, ALP, LVOT-VTI, TRV, RAA index, and CVC SD/LD) as explanatory variables 

(Table 7). For SWS, the most strongly associated parameter was RAA index (P < 

0.0001), followed by LVOT-VTI (P = 0.0168) and CVC SD/LD (p = 0.0350). For DS, 

CVC SD/LD was the most strongly associated parameter (P < 0.0001), followed by 

RAA index (P = 0.0009); no significant association was observed between DS and 

LVOT-VTI (P = 0.167). 
  



  

 32 

Table 5. Signalment and clinical data of non-RHF and RHF dogs 
 Non-RHF (n=73) RHF (n=27) P value 

Age (years) 11.2 (9.1–13.2) 12 (9.4–13.1) 0.296 

Sex (male/female) 31/42 16/11 0.473 

Body weight (kg) 4.0 (2.8-6.4) 5.6 (4.2-9.1) 0.160 

Meication    

ACE inhibitor 15 (20.5%) 7 (25.9%) 0.291 

Pimobendan 36 (49.3%) 15 (55.6%) 0.235 

Loop diuretics 13 (17.8%) 18 (66.7%) <0.001 

Spironolactone 8 (11.0%) 4 (14.8%) 0.466 

Sildenafil 3 (4.1%) 4 (14.8%) 0.071 

Liver enzyme    

ALT (IU/L) 65 (42-103) 88 (62.2-142) 0.021 

ALP (U/L) 99 (51.5-177.5) 150 (80.5-344.8) 0.020 

T-Bill (mg/dL) 0.2 (0.1-0.2) 0.1 (0.1-0.2) 0.323 

Cardiac diseases    

MMVD 48 (65.8%) 0 <0.001 

PH Group1 0 1 (3.7%) 0.270 

PH Group2 2 (2.7%) 10 (37.0%) <0.001 

PH of unknown origin 8 (11.0%) 10 (37.0%) 0.0045 

ASD/VSD 5 (6.8%) 0 0.199 

Cardiomyopathy 4 (5.5%) 0 0.278 

PDA 3 (4.1%) 0 0.385 

PS 3 (4.1%) 1 (3.7%) 0.706 

TVD 0 1 (3.7%) 0.270 

Cardiac tamponade 0 4 (14.8%) 0.0045 

ACE: angiotensin converting enzyme; ALP: alkaline phosphatase; ALT: alanine 

aminotransferase; ASD: atrial septal defect: MMVD: myxomatous mitral valve disease; 

PDA: patent ductus arteriosus; PH: pulmonary hypertension; PS: pulmonic stenosis; T-

Bill: total bilirubin; TVD: tricuspid valve dysplasia; VSD: ventricular septal defect 
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Table 6. Echocardiographic, 2D-shear wave elastography, and CVC parameters in dogs 

of the non-RHF and RHF Groups 

 Non-RHF RHF P value 

LA/Ao  1.73 (1.43-2.29) 1.53 (1.41-3.00) 0.88 

LVOT-VTI (m/s) 9.63 (8.18-11.82) 5.86 (5.01-6.68) < 0.001 

TRV (m/s) 3.13 (2.72-3.47) 4.14 (3.87-4.59) < 0.001 

RAA index 8.02 (6.38-10.98) 18.35 (13.63-21.08) < 0.001 

SWS (m/s) 1.31 (1.25-1.37) 1.79 (1.63-2.38) < 0.001 

DS [(m/s)/Hz] 12.0 (11.0-13.50) 16.40 (15.60-20.80) < 0.001 

CVC SD/LD 0.44 (0.33-0.53) 0.69 (0.61-0.76) < 0.001 

 

CVC SD/LD: ratio of short diameter and long diameter of caudal vena cava; DS: 

dispersion slope; LA/Ao: left atrial to aortic root ratio; LVOT-VTI: velocity time 

integral of left ventricular outflow tract; RAA index: right atrial area index; SWS: shear 

wave speed; TRV: tricuspid regurgitant velocity 

 

.
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Figure 10. Color maps of SWS and DS in dogs of the non-RHF and RHF Groups 

 
In many dogs in the non-RHF group, the color maps of SWS (A) and DS (B) were 

predominantly represented in dark blue. In contrast, in the RHF group, the color maps 

of both SWS (C) and DS (D) showed colors ranging from light blue to green and 

orange, indicating increased values.  

 

 

 

 

 

  

(A) (B)

(C) (D)
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Table 7. Correlation between SWS, DS, and each variable 

  SWS  DS 

  P r  P r 

Age  0.38   0.40  

Body weight  0.99   0.30  

ALT  0.18   0.27  

ALP  0.13   0.25  

T-Bill  0.46   0.35  

LA/Ao  0.70   0.91  

LVOT-VTI  <0.001 -0.40  <0.001 -0.38 

TRV  <0.001 0.57  <0.001 0.58 

RAA index  <0.001 0.69  <0.001 0.67 

CVC SD/LD  <0.001 0.47  <0.001 0.56 

SWS  -   <0.001 0.83 

 ALP: alkaline phosphatase; ALT: alanine aminotransferase; CVC SD/LD: ratio of 

short diameter and long diameter of caudal vena cava; DS: dispersion slope; LA/Ao: left 

atrial to aortic root ratio; LVOT-VTI: velocity time integral of left ventricular outflow 

tract; RAA index: right atrial area index; SWS: shear wave speed; T-Bill: total bilirubin; 

TRV: tricuspid regurgitant velocity 
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Table 8. AUCs and optimal diagnostic cutoffs for distinguishing dogs with and without RHF. 

Variable Cutoff AUC [95% CI] Sensitivity Specificity AIC 

DS 14.2 0.977 [0.95-1.00] 0.962 0.918 36.6 

SWS 1.51 0.945 [0.92-1.00] 0.846 0.945 41.8 

CVC SD/LD 0.56 0.880 [0.81-0.95] 0.923 0.795 73.2 

RAA index 14.0 0.870 [0.78-0.96] 0.739 0.903 68.7 

LVOT-VTI 6.76 0.852 [0.76-0.94] 0.808 0.890 75.4 

TRV 3.49 0.840 [0.74-0.94] 0.909 0.762 67.5 

CVC SD/LD: ratio of short diameter and long diameter of caudal vena cava; DS: dispersion slope; LVOT-VTI: velocity time integral of 

left ventricular outflow tract; RAA index: right atrial area index; SWS: shear wave speed; TRV: tricuspid regurgitant velocity 
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Table 9. Stepwise multiple regression analysis of factors associated with SWS and DS 
 SWS   DS 
 P BIC   P BIC 

RAA index <0.0001 64.6  CVC SD/LD <0.0001 293.1 

LVOT-VTI 0.0168 62.6  RAA index 0.0009 285.5 

CVC SD/LD 0.0350 61.8  LVOT-VTI 0.1670 287.5 

TRV 0.632 65.6  ALP 0.335 290.6 

ALP 0.676 69.5  TRV 0.661 294.5 

ALT 0.739 73.4  ALT 0.911 298.5 

ALP: alkaline phosphatase; ALT: alanine aminotransferase; CVC SD/LD: ratio of short 

diameter and long diameter of caudal vena cava; DS: dispersion slope; LVOT-VTI: 

velocity time integral of left ventricular outflow tract; RAA index: right atrial area 

index; SWS: shear wave speed; TRV: tricuspid regurgitant velocity 

  



  

 38 

4. Discussion 
 

In In this study, the author evaluated the utility of 2D-SWE for assessing hepatic 

congestion in dogs with heart disease and found that both SWS and DS were 

significantly higher in dogs with RHF. These findings suggest that 2D-SWE, 

particularly DS, may serve as a useful noninvasive indicator for evaluating hepatic 

congestion associated with RHF. 

 

SWS measurements in dogs with cardiac disease 

SWS reflects both tissue viscosity and elasticity and is widely used in human 

medicine as an indicator of fibrosis in the diagnosis of liver diseases such as chronic 

hepatitis and cirrhosis26-30, 69. Similarly, studies in dogs have shown that SWS can detect 

liver fibrosis associated with primary hepatic disease31. Its usefulness in human patients 

with cardiac disease have also been investigated, with reports indicating that SWS 

increases with disease severity and correlates with echocardiographic parameters such 

as cardiac output, left ventricular volume, and right atrial size39-42. However, no 

previous reports have specifically evaluated SWS in veterinary patients with heart 

disease. 

In the present study, 2D-SWE was performed in dogs with structural heart disease, 

and liver SWS was measured. Compared to the non-RHF group, the RHF group had 

significantly higher SWS values, which demonstrated high diagnostic accuracy for 

identifying RHF. Moderate correlations were observed between SWS and RAA index, 

CVC SD/LD, and LVOT-VTI. 

Additionally, SWS was significantly associated with RAA index and CVC SD/LD, 

suggesting that increased SWS in dogs with heart disease reflects hepatic congestion 

associated with elevated right atrial volume and CVP. In addition, a significant 

association with LVOT-VTI may indicate that SWS may also be influenced by other 

factors, including liver fibrosis secondary to reduced cardiac output. 

 

DS measurements in dogs with cardiac disease 
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Unlike SWS, DS specifically reflects tissue viscosity without being influenced by 

elasticity and is therefore considered particularly useful for evaluating viscous changes 

such as congestion and inflammation. In human studies, DS has been reported to 

correlate significantly with the severity of heart failure and echocardiographic indices39, 

41, and, importantly, to be independently associated with major cardiac events including 

cardiac death and the development of heart failure40. These findings suggest its potential 

as a novel marker for severity in cardiac disease. 

In the present study, ROC analysis revealed that DS achieved the highest AUC 

(0.977 [0.95–1.00]), clearly indicating superior diagnostic ability for RHF compared 

with SWS and conventional echocardiographic parameters. In addition, DS was 

moderately associated with RAA index, CVC SD/LD, and LVOT-VTI, which were 

comparable to those observed for SWS. However, in stepwise multiple regression 

analysis, DS remained strongly associated with the CVC SD/LD and the RAA index, 

while no significant relationship was observed with LVOT-VTI. 

These findings suggest that DS is a viscosity-specific parameter that is less 

influenced by alterations in cardiac output related to hypoperfusion or fibrosis, thereby 

more selectively reflecting hepatic congestion. Taken together, our results indicate that 

DS is superior to SWS in discriminating RHF and assessing hepatic congestion and may 

represent a useful noninvasive marker for the early detection and severity evaluation of 

hepatic congestion in dogs with cardiac disease. 

 

Comparison with Conventional Ultrasonographic Parameters 

In this study, the author simultaneously measured CVC SD/LD and the RAA 

index, which have been reported as useful indices for evaluating systemic congestion 

and right heart volume load, and compared their diagnostic performance with that of 

SWS and DS obtained by 2D-SWE. Previous studies demonstrated that in canine right 

heart disease, CVC SD/LD provides high diagnostic accuracy for RHF, with an AUC of 

0.925 (95% CI: 0.865–0.986) at a cutoff of 0.66523. Similarly, indices of right atrial 

area66, 70, such as the RAA index has been shown to strongly correlate with prognosis in 

canine PH, with an AUC of 0.97 (95% CI: 0.92–1.01) for the diagnosis of RHF when 

using a cutoff of 12.3 cm²/m². 
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In the present study, both CVC SD/LD and the RAA index were significantly 

higher in dogs with RHF, confirming their role as indices reflecting right-sided cardiac 

overload. However, their diagnostic performance was lower than previously reported 

(CVC SD/LD: AUC 0.88; RAA index: AUC 0.87) and also inferior to SWS and DS. 

This discrepancy may be attributed to heterogeneity in the study population. Previous 

studies primarily investigated relatively homogeneous cohorts, such as dogs with 

isolated right heart disease or PH, whereas the present study included various 

underlying cardiac diseases (MMVD, congenital heart disease, cardiomyopathy, PH), 

resulting in a wide spectrum of right heart volume and congestion. Morphological 

indices such as the RAA index and CVC SD/LD may be particularly susceptible to 

inter-disease variability. For example, the RAA index is influenced by left atrial 

enlargement, leading to potential underestimation of right atrial size in dogs with left-

sided heart disease such as MMVD. Furthermore, the RAA index primarily reflects 

chronic right atrial remodeling and may underestimate acute congestion. Similarly, 

CVC SD/LD reflects structural changes associated with elevated CVP but may fail to 

capture transient or acute elevations, particularly in chronic disease stages. 

In contrast, SWS and DS obtained by 2D-SWE demonstrated superior diagnostic 

accuracy for RHF across a broad range of underlying diseases and disease stages. These 

findings suggest that SWS and DS may serve as more reliable and useful indices of 

systemic congestion in dogs with diverse cardiac conditions. 

 

Correlation of SWS with Liver Fibrosis 

Decreased cardiac output is an important pathophysiological component of heart 

failure, along with systemic congestion, and is thought to influence alterations in 

hepatic viscoelasticity. A reduction in cardiac output accompanied by decreased hepatic 

blood flow is associated with hypoxic hepatitis or cardiogenic liver injury, which is 

characterized by centrilobular necrosis and sinusoidal dysfunction, and has been 

implicated in the development of liver fibrosis 3-5,9-11. Moreover, chronic hepatic 

congestion is known to promote hepatocellular necrosis and the formation of fibrotic 

bridges between central veins, ultimately progressing to hepatic fibrosis or cirrhosis4,5. 

Whereas hepatic congestion is considered a reversible condition, hepatic fibrosis is 
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irreversible, and the presence of fibrosis has been suggested as a prognostic factor in 

patients with heart disease71-74. Therefore, evaluating hepatic fibrosis in the context of 

heart disease is clinically important. 

The LVOT-VTI used in this study is an established indicator that shows strong 

correlation with cardiac output measured by pulmonary artery catheterization75,76. In our 

study, LVOT-VTI was significantly lower in the RHF group, indicating that cardiac 

output was reduced in dogs with RHF. Furthermore, we found a negative correlation (r 

= –0.40) between SWS and LVOT-VTI, suggesting that reduced cardiac output may 

contribute to increased liver viscoelasticity in dogs with heart disease. Although 

multiple regression analysis showed no significant association between LVOT-VTI and 

DS (P = 0.1670), it revealed a significant association between LVOT-VTI and SWS (P 

= 0.0168). These findings imply that the elevation of SWS in dogs with heart disease 

may reflect not only hepatic congestion but also increased elasticity, indicative of 

fibrosis, secondary to reduced cardiac output. 

 

Clinical Implications 

The findings of this study indicate that 2D-SWE, particularly DS, represents a 

promising noninvasive modality for detecting hepatic congestion in dogs with heart 

disease. Because DS is relatively resistant to elastic changes such as fibrosis, it may 

serve as a sensitive and specific indicator of hepatic congestion secondary to RHF, with 

potential utility for early diagnosis and severity assessment. In addition, SWS may 

reflect not only hepatic congestion but also the progression of fibrosis due to 

hypoperfusion, thereby providing insight into the complex hepatic pathophysiology 

associated with heart disease. These indicators may also facilitate treatment monitoring, 

as improvements in right ventricular pressure overload and cardiac output achieved 

through therapies such as diuretics or cardiac glycosides may be quantitatively reflected 

as improvements in hepatic viscoelasticity. Furthermore, given their feasibility for 

repeated, noninvasive measurements, these modalities may be particularly useful for the 

serial evaluation of disease status, which has been challenging with conventional 

invasive approaches such as catheterization. Further investigations with larger cohorts 

are warranted to establish their clinical applicability. 
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Limitations 

This study has several limitations. First, it was conducted at a single institution, 

raising the possibility of selection bias. Notably, the distribution of underlying heart 

diseases differed between the RHF and non-RHF groups, which may have influenced 

the results. Second, although cases with overt liver abnormalities or a history of liver 

disease were excluded, the absence of histological confirmation means that occult liver 

disease could not be completely ruled out, potentially affecting the findings. Third, 

direct measurement of CVP or RAP via catheterization was not performed, limiting the 

accuracy of congestion assessment. Finally, as this was a cross-sectional study with 

assessments performed at a single time point, longitudinal studies are required to clarify 

the temporal changes in 2D-SWE measurements with RHF progression or treatment. 
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5. Summary 
 

In this chapter, the author investigated the utility of 2D-SWE for evaluating hepatic 

congestion in dogs with structural heart disease. Both SWS and DS were significantly 

elevated in dogs with RHF, indicating the presence of hepatic congestion or fibrosis. 

SWS reflects combined tissue elasticity and viscosity, and in this study, its 

elevation was associated not only with congestion but also cardiac output. In contrast, 

DS specifically reflects tissue viscosity and demonstrated superior diagnostic accuracy 

for identifying RHF. DS showed strong associations with right atrial enlargement and 

CVC indices, suggesting that it reliably reflects hepatic congestion independent of 

cardiac output alterations. 

Compared with conventional ultrasonographic parameters such as CVC SD/LD 

and right atrial area, SWS and DS showed higher diagnostic performance across a broad 

range of underlying cardiac diseases, supporting their value as noninvasive, quantitative 

biomarkers of liver involvement in heart disease. 

In particular, DS appeared less influenced by fibrosis or cardiac output, supporting 

its value as a sensitive and specific indicator of hepatic congestion, with potential 

applications for early detection, severity assessment and potentially monitoring 

treatment response in dogs with heart disease. 
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General Conclusion 

 
This study demonstrated the clinical value of 2D-SWE for noninvasively assessing 

hepatic changes associated with both induced congestion and naturally occurring 

cardiac disease in dogs. 

In Chapter 1, which evaluated hepatic congestion induced by volume loading 

(blood transfusion), both SWS and DS increased significantly following volume 

loading, indicating that these 2D-SWE parameters reflect hepatic congestion induced by 

acute elevations in venous pressure. This change is thought to reflect elevated hepatic 

viscosity caused by passive hepatic congestion secondary to volume overload. 

Additionally, an important distinction emerged in their correlations with 

ultrasonographic congestion indices. DS showed a strong correlation with CVC SD/LD, 

a validated marker of systemic venous congestion, whereas the correlation between 

SWS and CVC SD/LD was only moderate. This suggests that DS is more sensitive than 

SWS to hemodynamic changes associated with congestion and may better capture 

viscosity-related alterations that occur in the early phase of hepatic venous 

hypertension. 

 In Chapter 2, which involved dogs with naturally occurring heart disease, both 

SWS and DS were significantly increased, indicating hepatic alterations secondary to 

cardiac dysfunction. Compared with Chapter 1, the correlations between SWS or DS 

and CVC SD/LD were weaker. In addition to venous congestion, other factors that 

increase hepatic viscoelasticity—such as hypoxic hepatitis associated with reduced 

cardiac output and fibrosis resulting from long-standing congestion—may also 

contribute to elevated SWS and DS in clinical patients. Supporting this interpretation, 

DS showed superior performance to SWS for detecting hepatic congestion, consistent 

with the findings of Chapter 1. Although histopathological confirmation was not 

available in this study, the collective findings across both chapters support a unified 

interpretation: DS is better suited for detecting hepatic congestion, whereas SWS may 

reflect more complex hepatic alterations associated with chronic cardiac disease, 
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including hypoxia-related injury, fibrosis, and other structural changes, suggesting that 

SWS captures cumulative hepatic remodeling beyond congestion alone.  

Overall, this study highlights the utility of 2D-SWE—integrating the 

complementary strengths of SWS and DS—as a robust, quantitative, and noninvasive 

tool for evaluating hepatic pathophysiology in dogs with heart disease. This modality 

may offer significant advantages for early detection, distinguishing congestion from 

fibrosis, and monitoring therapeutic responses. Future studies incorporating 

histopathological validation in cardiac patients will further refine the diagnostic and 

prognostic applications of SWS and DS in veterinary cardiology. 
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Summary in Japanese（和⽂要旨） 

 

Study on the assessment of hepatic congestion and fibrosis in dogs with 
cardiac disease using Shear Wave Elastography 

（⽝の⼼疾患における剪断波エラストグラフィを⽤いた肝うっ⾎および肝線
維化の評価に関する研究） 

 
⼼不全は、弁膜疾患、⼼筋症、肺⾼⾎圧症など多様な⼼疾患が進⾏し、代償

機構が破綻することで⽣じる病態であり、肝機能障害を含む多臓器不全へとつ
ながる臨床症候群である。⼼不全に伴う代表的な病態は「うっ⾎」と「低⼼拍
出」であり、これらが全⾝の臓器障害の主因となる。うっ⾎性右⼼不全
（RHF）では中⼼静脈圧（CVP）が上昇し、受動的な肝うっ⾎が⽣じる。これ
により肝静脈や類洞の拡張、肝細胞の萎縮や壊死といった変化が起こり、うっ
⾎が⻑期間続くことで肝線維化へと進展することが知られている。また、肝う
っ⾎はヒトの⼼不全患者では重要な予後決定因⼦であると考えられているにも
かかわらず、その重症度を正確かつ⾮侵襲的に評価する⽅法は⼗分に確⽴され
ていない。⼀⽅、⼼拍出量の低下は全⾝の動脈圧や組織灌流の低下を引き起こ
す。肝臓の灌流が不⾜すると、肝細胞の低酸素状態が進⾏し、⼩葉中⼼性壊死
を主体としたびまん性肝障害が⽣じる。この病態は「低酸素性肝炎」や「低酸
素性肝障害」などと呼ばれ、うっ⾎と同様に慢性的に持続することにより肝線
維化の進展に関与すると考えられている。 
このように、肝臓と⼼臓は病態⽣理学的に密接に関連しており、⼼疾患患者

においては、早期のうちから⼼不全の管理だけでなく、肝うっ⾎および肝機能
障害を適切に評価することが極めて重要である。うっ⾎の評価のゴールドスタ
ンダードはカテーテルによる CVP や右⼼房圧（RAP）の直接的な測定であり、
肝うっ⾎や肝線維化の評価には肝⽣検による病理組織学的な評価が必要とな
る。しかし、これらの検査は全⾝⿇酔を必要とし、合併症を⽣じうる侵襲的な
検査であることから臨床現場でのルーチンでの実施は困難である。以上の背景
から、⼼疾患患者における肝うっ⾎や肝線維化などの肝臓の病態を⾮侵襲的か
つ定量的に評価する検査法の確⽴が求められている。 
⼆次元剪断波エラストグラフィ（2D-SWE）は、肝臓を含む臓器の硬さを⾮侵

襲的に定量化できる超⾳波技術である。2D-SWE で得られる Shear wave speed
（SWS）は、組織の粘性と弾性の両⽅を反映する粘弾性の指標である⼀⽅、
Dispersion slope（DS）は、弾性には依存せず粘性のみを評価できる粘性の指標
である。組織の弾性は主に線維化により上昇する⼀⽅で、粘性は炎症やうっ⾎
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などにより上昇することが知られている。肝臓においてうっ⾎や炎症は可逆的
な病態であるが、線維化はこれらが進⾏した末期的な病態であり、⾮可逆的な
病理変化である。本研究では⼆つの章にわたり、⼼疾患⽝における SWS およ
び DS の病態評価における有⽤性を検討した。 
第⼀章では、急性肝うっ⾎モデルとして輸⾎を実施した臨床例を⽤いて、

SWS・DS が容量負荷に伴う肝うっ⾎によりどのように変化するかを検討し
た。その結果、SWS および DS はともには輸⾎後に有意に上昇し、肝うっ⾎に
伴う肝硬度（粘弾性）の上昇を反映することが⽰された。特に DS はうっ⾎指
標である後⼤静脈短径⻑径⽐（CVC SD/LD）と強い相関を⽰し、SWS と CVC 
SD/LD の相関は中等度にとどまった。これにより、うっ⾎に伴う粘性変化の評
価には DS がより鋭敏であることが明らかとなった。 
第⼆章では、⾃然発⽣の⼼疾患⽝を対象に、⼼疾患における肝臓の SWS・DS 

の変化およびその臨床的有⽤性ならびに指標の変動をもたらす因⼦を評価し
た。うっ⾎の指標としては第⼀章と同様に CVC SD/LD を⽤い、右⼼系の指標
として右⼼房⾯積を、⼼拍出量の指標として左室⼀回拍出量（LVOT-VTI）を
測定した。症例を RHF徴候の有無により、RHF 群と⾮ RHF に分けて⽐較した
ところ、SWS および DS は RHF 群において有意な上昇を⽰した。特に DS は 
RHF の識別能が既存の指標と⽐較して最も⾼かった（AUC 0.977）。また DS 
の上昇に CVC SD/LD や右⼼房⾯積は関連を⽰したが、⼼拍出量の指標である
LVOT-VTI とは関連が認められなかった。第⼀章の結果と合わせると、⼼疾患
の臨床例においても DS はうっ⾎を特異的に反映する粘性指標であることが⽰
唆された。⼀⽅で、SWS の上昇には上記のうっ⾎や右⼼系に加えて、LVOT -
VTI との関連も認めた。このことから、SWS の上昇はうっ⾎だけではなく低⼼
拍出に伴う⼆次的な肝線維化などの弾性変化の病態も捉えることができる可能
性が⽰された。 
以上の結果から、SWS と DS を併⽤することで、⼼疾患の⽝の肝臓に⽣じる

線維化やうっ⾎といった異なる病態⽣理学的変化を補完的に評価できることが
⽰された。特に DS が⼼疾患を有する⽝における肝うっ⾎の検出において有望
な⾮侵襲的ツールであることを⽰唆している。DS は線維化などの弾性変化の
影響を受けにくい特性から、RHF に起因する肝うっ⾎の鋭敏かつ特異的な指標
となり得ることが⽰唆され、早期診断および重症度評価への応⽤が期待され
る。また、SWS はうっ⾎だけでなく、低灌流による線維化の進⾏なども反映す
る可能性があり、⼼疾患に伴う複合的な肝臓の変化を把握する上で臨床的に有
⽤となる可能性が⽰唆された。これらの指標は、⼼不全症例の治療効果のモニ
タリングにも応⽤可能であり、利尿薬や強⼼薬の⼼不全治療による右⼼系圧負
荷の軽減や⼼拍出量の改善が、肝臓の粘弾性の改善として数値に反映される可
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能性がある。また、繰り返し測定が可能であるため、従来のカテーテル検査等
の侵襲的⼿法では困難であった病態の経時的評価にも有⽤であると考えられ臨
床応⽤に向けたさらなる検討と症例蓄積が望まれる。 
本研究は、2D-SWE が⽝の⼼疾患に伴う肝臓病態を⾮侵襲的かつ定量的に評

価する有⼒なツールであることを⽰した。特に DS は線維化や⼼拍出量の影響
を受けにくく、肝うっ⾎の鋭敏かつ特異的な指標となり、うっ⾎の早期検出や
重症度評価に有⽤となる可能性が⽰唆された。今後は、より⼤規模かつ縦断的
な研究を通じて、⼼疾患⽝に対する 2D-SWE の診断的・予後的有⽤性および治
療反応性との関連についての検討が期待される。 


