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Simple Summary: Contrast-enhanced ultrasound is a technique which enables assessment of tissue
blood flow by injecting gas-filled micro-bubbles in the bloodstream. As a diagnostic and monitoring
tool, this technique has shown great promise in multiple clinical conditions, while offering many
advantages over other imaging techniques. A major challenge with this technique, however, is the
fact that the imaging results can vary significantly, and there is no comprehensive understanding
of their cause. Improving the understanding of the sources of variation could contribute to the
development of guidelines to reduce variation and promote the application of CEUS in practice. The
aim of this study was to assess variability in blood flow measurements in the kidney due to observers.
As regions of interests are manually delineated using a specialized software, positioning of the
regions may differ between observers and within the same observer at different occasions. This study
found that a number of evaluated parameters had a good inter- and intra-observer agreement, while
other parameters had a considerably lower inter-observer agreement compared to intra-observer-
agreement. Therefore, it may be advisable that quantitative assessment of renal perfusion is not
carried out by different researchers, especially if their experience levels differ.

Abstract: Contrast-enhanced ultrasound (CEUS) is a non-invasive imaging technique which allows
qualitative and quantitative assessment of tissue perfusion. Although CEUS offers numerous advan-
tages, a major challenge remains the variability in tissue perfusion quantification. This study aimed
to assess intra- and inter-observer variability for quantification of renal perfusion. Two observers
with different levels of expertise performed a quantitative analysis of 36 renal CEUS studies, twice.
The CEUS data were collected from 12 healthy cats at 3 different time points with a 7-day interval.
The inter- and intra-observer agreement was assessed by the intraclass correlation coefficient. Within
and between observers, a good agreement was demonstrated for intensity-related parameters in the
cortex, medulla, and interlobular artery. For some parameters, ICC;,tr was considerably lower than
ICCintra, mostly when the ROI encompassed the entire kidney or medulla. With the exception of
time to peak (TTP) and mean transit time (mTTI), time-related and slope-related parameters showed
poor agreement among observers. In conclusion, it may be advised against having the quantitative
assessment of renal perfusion performed by different observers, especially if their experience levels
differ. The cortical mTTI seemed to be the most appropriate parameter as it showed a favorable
inter-observer agreement and inter-period agreement.
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1. Introduction

Contrast-enhanced ultrasound (CEUS) is a non-invasive imaging technique which
allows qualitative and quantitative assessment of tissue perfusion at the macro- and mi-
crovascular level [1]. This imaging technique is based on the detection of harmonic signals
reflected by encapsulated micro-bubbles in the bloodstream during exposure to ultrasound
waves [2,3]. Over the past decades, the number of clinical applications of CEUS has in-
creased considerably [1,3-6]. These include, among others, diagnostic work-up of lesions
in various organs, evaluation of treatment efficacy, echocardiography, follow-up of renal
transplants, and guidance of biopsy [1,3-6]. Compared with other imaging modalities for
evaluating vascular perfusion, such as computed tomography (CT) or magnetic resonance
(MR), CEUS is considered a more favorable technique due to its excellent safety profile,
cost efficiency, lack of ionizing radiation, and lack of renal toxicity [4,7].

In nephrology, CEUS is highly interesting as many renal disorders are characterized by
vascular or hemodynamic alterations [4]. These changes occur early in the development of
renal dysfunction and sometimes precede clinical signs of renal impairment [2,7]. Therefore,
CEUS could allow earlier diagnosis in certain kidney disorders, which would enable earlier
therapeutic intervention. In addition, CEUS has been shown to be valuable for assessing the
effect of drugs on renal perfusion and has brought new insights into the pathophysiology
of renal associated diseases [8—11].

Various studies have assessed the application of CEUS in the evaluation of kidney
diseases in human and veterinary medicine. A pilot study by Dong et al. (2014) found
encouraging results indicating that CEUS can detect early stages of chronic kidney disease
(CKD) in humans [12]. Similar results were obtained in cats, where CEUS was able to
detect an altered perfusion in cats with CKD [13]. Studies in dogs demonstrated that
acute kidney disease (AKI) gives rise to altered renal perfusion, which could be helpful
for diagnosis [10,11]. Furthermore, researchers found that CEUS could predict progression
from ischemic AKI to CKD in mice [14].

An important drawback of CEUS, however, is its potential high variability, which
may lead to diagnostic uncertainty [1,15]. Within nephrology, the use of CEUS is therefore
mainly restricted to research purposes, while translation into clinical practice remains
limited. The variability of CEUS has mainly been attributed to patient-related factors
(e.g., body temperature, blood pressure, and heart rate), scanner settings (e.g., mechanical
index, gain, focus position, and tissue gain compensation), and contrast agent-related
factors (e.g., microbubble type, preparation, dosage, and injection method) [15]. By influ-
encing the microbubble concentration and/or properties, these factors can cause variation
in bubble echo signals and thus quantification [15]. However, there are other possible
sources of variability that have not yet been thoroughly investigated. The process of draw-
ing regions-of-interest (ROIs) on specific areas of the kidney for perfusion quantification,
among others, might introduce an additional source of variation. The ROIs may vary to a
certain extent in location, depth, and size, factors which have been found to influence the
TICs (time intensity curve) and the perfusion parameters derived from them [15-20].

Improving the understanding of the sources of variation could contribute to the
development of guidelines to reduce variation and promote the application of CEUS in
practice. Therefore, this study aimed to assess intra- and inter-observer variability for
quantification of renal perfusion using a bolus injection of contrast agent.

2. Materials and Methods

For this study, movie clips were used from a previously published repeatability study
evaluating normal intra- and inter-individual variation in healthy cats [21].

Briefly, twelve healthy European Shorthair cats, 9 female neutered and 3 male neutered
cats, were included with the permission of the local ethical committee of Ghent University
(EC 2014/148). The age of the cats ranged between 3.92 years and 13.17 years (median, 6 years
and 9 months) and their body weight ranged between 2.75 and 3.55 kg (median, 3.28 kg).
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At 3 time points with a 7-day interval, CEUS of both feline kidneys was performed. Every
time point, a catheter was placed in one of the cephalic veins. Anesthesia was induced with
a bolus of propofol (Propovet 10 mg/mL; Abbott Laboratories), 4-8 mg/kg intravenously,
given to effect, and maintained with additional boluses (1 mg/kg) as necessary.

CEUS, using bolus injection of Sonovue (0.05 mL/kg, Bracco, Milan, Italy) was performed
as previously described [21]. Briefly, the kidneys were imaged in longitudinal plane by the same
person, using a 12-5 MHz linear transducer on a dedicated machine (iU22, Philips, Bothell,
WA, USA) with contrast-specific software. Three to four injections of contrast were performed:
the first one was not used for further quantification since this injection often results in lower
enhancement [22]. Basic technical parameters were held constant across all cats [21]. A low
mechanical index of 0.09, dynamic range of 50, gain of 85%, persistency off, and side-by-side
imaging were used. A single focus was placed directly under the kidney. Images were recorded
at a rate of 7 frames/s for 90 seconds as movie clips.

The movie clips were exported as DICOM and analyzed using specialized computer
software (VueBox® v6.2.0.55291, Bracco Suisse SA, Planles-Ouates, Switzerland) for objective
quantitative analysis. The studies were randomly selected, 1 kidney (left or right) was
randomly selected at each time point with the only limiting factor that each kidney of each
cat was at least evaluated once. The studies were duplicated for intra-observer analysis,
giving a total of 72 anonymized studies that were randomly presented to 2 blinded observers
with different degrees in experience with the software program after collection of all images.
One observer was a board-certified radiologist with 5 years of experience with CEUS (E.S.),
the second observer was a PhD student with minimal experience with CEUS (S.F.).

Seven ROIs were manually drawn: 1 on an interlobar artery, 3 in the renal cortex, 2 in
the renal medulla, and 1 surrounding the entire kidney (Figure 1). The ROIs in the medulla
were identical in size and shape and drawn at approximately the same depth. The size of
the ROIs in the cortex could be adapted only when absolutely necessary (e.g., when the
size exceeded the limit of the cortex) and were drawn at approximately the same depth.
For every RO, the software determined mean pixel intensities and created a time—intensity
curve. Time—intensity curves were analyzed for blood flow parameters representing blood
volume (peak enhancement (PE), wash-in area under the curve (WiAUC), wash-out area
under the curve (WoAUC), and total area under the curve (AUC)) and blood velocity
(rise time (RT), mean transit time (mTTI), time to peak (TTP), wash-in rate (WiR), wash-in
perfusion index (WiPI), fall time (FT), wash-out rate (WoR)) (Figure 2). The values for the
3 ROIs for the cortex and 2 ROIs for the medulla were averaged. Peak enhancement and
WIAUC for the cortex, medulla, and entire kidney were normalized to values from the
interlobar artery (PE* and WiAUC¥).

Figure 1. Illustration of the position of the regions-of-interest on a contrast-enhanced ultrasound
image of a healthy cat’s kidney. Cortex regions-of-interest are enclosed by a white striped line, medulla
regions-of-interest by a white dotted line, and the region-of-interest surrounding the interlobar artery
by a solid white line.
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Figure 2. Schematic time intensity curve with illustration of the blood flow parameters. Peak
enhancement (PE), wash-in area under the curve (WiAUC), wash-out area under the curve (WoAUCQ),
total area under the curve (AUC), rise time (RT), mean transit time (mTTI), time to peak (TTP),
wash-in rate (WiR), fall time (FT), and wash-out rate (WoR).

Two separate random effects models were fitted to assess the variation due to observer
on the one hand, and due to the period on the other hand. In a first model, the period was
fixed and within a particular period and location combination, the variance components
due to sample (Ss2), observer (5,2), interaction between observer and sample (Soxs?), and
residual variation (S?) were estimated. Using these variance components estimates, the
inter- and intraclass correlation coefficients were calculated. They were defined as

SZ
ICCipter = =
mier T 24 52+ 82, + S2
§24+62452
ICCintm = s 1% F Soxs

S2+S2+82,,+S2

Values close to 0 means very low reliability, 1 means excellent reliability.

In the second model, the observer was fixed and within a particular observer and
location combination, the variance components due to sample (Ss2), period (S pz), interaction
between period and sample (prsz), and residual variation (S%) were estimated. Using these
variance components estimates, the inter- and intraclass correlation coefficients (ICCjpter
and ICCjyyr,) were calculated. They are defined as

52
ICCinter = S
inter Sg ¥ S%} +S%xs + Sz
S2+4+52+52
Iccintm = ’ 7 7

§2+ 83+ 53, + S?

Values close to 0 means very low reliability, 1 means excellent reliability.

Based on the guidelines from Koo and Li (2016), agreement was considered poor if
ICC was less than 0.50, moderate if it was between 0.50 and 0.75, good if it was between
0.75 and 0.90, and excellent if it was greater than 0.90 [23].
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3. Results
3.1. Intra- and Inter-Observer Variability

The mean intra- and interclass correlation coefficients of the renal perfusion parameters
are outlined in Table 1. Most renal blood flow parameters had an ICCjpe; very similar
to their ICCjnr,. For FT, PE, WiPI, WiR, and WoR of the entire kidney; FT, PE, WiAUC,
WiWoAUC, WiR, and WoR at the medulla; FT, RT, and TTP at the cortex and TTP at the
renal artery, ICCjnier was considerably lower than ICCipy,, indicating that changing the
observer makes a substantial difference. At the entire kidney, ICC was significantly lower
than in other regions of the kidney. The parameters with the best mean ICCjpty, and ICCinter
in general were TTP at cortex, medulla, and entire kidney, mTTI and WoAUC at the artery
and cortex, PE, WiPI, WiAUC at the artery, cortex, and medulla and WiWoAUC at the artery,
cortex, and medulla. The mean ICC of these parameters over the 3 periods was greater
than 0.75 for both the intra- and inter-observer agreement at the respective locations.

Table 1. Mean intra- and inter-observer agreement for measurement of contrast-enhanced renal
perfusion parameters.

Variable ICC Artery Cortex Medulla Kidney
FT Intra 0.44 0.82 0.63 0.39
Inter 0.42 0.68 0.31 0.23
RT Intra 0.54 0.85 0.66 0.34
Inter 0.52 0.72 0.50 0.26
TP Intra 0.87 0.89 0.79 0.82
Inter 0.70 0.75 0.77 0.82
T Intra 0.84 0.82 0.54 0.50
m Inter 0.76 0.79 0.44 0.42
PE Intra 0.80 0.78 0.99 0.66
Inter 0.79 0.76 0.83 0.43
, Intra 0.80 0.78 0.99 0.67
WiPI Inter 0.80 0.76 0.92 043
_ Intra 0.92 0.82 0.98 0.63
WiaUC Inter 0.90 0.80 0.84 0.54
, Intra 0.90 0.82 0.90 0.59
WiWoAUC Inter 0.84 0.80 0.76 0.53
Intra 0.87 0.82 0.79 0.56
WoAUC Inter 0.87 0.80 0.74 0.51
WiR Intra 0.68 0.76 0.75 0.53
! Inter 0.67 0.69 0.42 0.29
WoR Intra 0.70 0.76 0.69 0.50
° Inter 0.69 0.68 0.37 0.27

Inter- and intra-class correlation coefficients > 0.75 (considered to be good or excellent) are in bold. Fall time (FT),
rise time (RT), time to peak (TTP), mean transit time (mTTI), peak enhancement (PE), wash-in perfusion index
(WiPI), wash-in area under the curve (WiAUCQ), total area under the curve (WiWoAUC), wash-out area under the
curve (WoAUC), wash-in rate (WiR), and wash-out rate (WoR).

In general, the first and second most common source of variation of all blood flow
parameters were sample and residual variation, respectively. Occasionally, a considerable
part of the variation was attributable to observer sample interaction. Parameters for which
a considerable portion of variance was attributable to observer sample interaction were
TTP at the interlobar artery and cortex; WiAUC at the interlobar artery and medulla; WoR
at the medulla and entire kidney; WiPI, WiWoAUC, and mTTI at the medulla. The only
blood flow parameter where a large proportion of the variation was due to the observer
was PE*, more specifically at the interlobar artery and cortex.
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3.2. Intra- and Inter- Periodic Variability

Results concerning within-cat variability in the short-term were previously published
by Stock et al. [21]. Briefly, relatively little variation was observed for time-derived param-
eters, while moderate-to-high variation was found for intensity-related parameters and
parameters related to the slope of the time-intensity curve.

Mean intra- and inter-period agreement for measurement of the renal perfusion pa-
rameters are summarized in Table 2. The renal perfusion parameters showed a varying
ICC depending on the area within the kidney. A significantly lower ICC was found when
the ROI encompassed the entire kidney than at other locations of the kidney.

Table 2. Mean intra- and inter-period agreement for measurement of contrast-enhanced renal
perfusion parameters.

Variable ICC Artery Cortex Medulla Kidney
T Intra 0.47 0.85 0.60 0.37
Inter 0.01 0.37 0.29 0.18
- Intra 0.60 0.88 0.59 0.31
Inter 0.14 0.43 0.38 0.14
p Intra 0.86 0.88 0.78 0.81
Inter 0.51 0.57 048 0.73
TTI Intra 0.86 0.85 0.51 0.52
m Inter 0.67 0.76 0.09 0.49
- Intra 0.83 0.79 1.00 0.60
Inter 0.00 0.11 0.58 0.21
, Intra 0.84 0.79 0.92 0.60
WiPI Inter 0.00 0.11 0.54 021
, Intra 0.93 0.79 0.94 0.54
WIiaUC Inter 0.14 0.24 0.59 0.23
, Intra 0.94 0.80 0.92 0.49
WiWoAUC Inter 0.13 0.25 0.49 0.22
Intra 0.85 0.81 0.79 0.4
WoAUC Inter 0.09 0.26 0.50 021
WiR Intra 0.80 0.79 0.90 0.29
i Inter 0.00 0.04 0.20 0.24
WoR Intra 0.79 0.77 0.91 0.26
o Inter 0.00 0.02 0.09 0.23

Inter- and intra-class correlation coefficients > 0.75 (considered to be good or excellent) are in bold. Fall time (FT),
rise time (RT), time to peak (TTP), mean transit time (mTTI), peak enhancement (PE), wash-in perfusion index
(WiPI), wash-in area under the curve (WiAUCQ), total area under the curve (WiWoAUC), wash-out area under the
curve (WoAUC), wash-in rate (WiR), and wash-out rate (WoR).

Overall, intra-period agreement was markedly better than inter-period agreement for
all blood flow parameters. The blood velocity parameters mTTI at the cortex and TTP at
the entire kidney were the parameters with the best ICCjntr, and ICCjpter.

For PE, WiPI, WiR, and WoR at the artery, variation between periods was sometimes
so large that the ICCj,er was 0. This means that if these assessments of different periods
would be used, the reliability would be very low, estimated as zero. On the other hand, the
ICCintra was often high, this corresponds to the variation between measurements on the
same sample within the same period.

No clear trend could be observed in the sources of variation within the blood flow
parameters or locations of periodic variability. Variation due to sample, period, sample
period interaction, and residual variation were all a common source of variation.
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4. Discussion

Contrast-enhanced ultrasound (CEUS) enables quantitative assessment of microvascu-
lar tissue perfusion and offers numerous advantages over existing imaging modalities such
as CT and MRI Despite its advantages, one of the greatest challenges of CEUS remains
its significant variability in tissue perfusion quantification, which complicates diagnostic
applications [15]. To date, various sources of variability have been identified, such as
operators, scanner settings, contrast agents, and patient-inherent factors [15]. However, an
additional source of variation might be introduced due to selection of ROIs. Delineation of
ROIs is a manual process based on an observer’s assessment of the anatomic configuration.
As this assessment may differ between observers and within the same observer at different
occasions, ROI delineation is subject to intra- and inter-observer variability. Furthermore,
this process is often complicated by image artifacts, similar signal intensities between the
target area and surrounding tissue, and anatomical variations [24]. Therefore, this study
aimed to assess intra- and inter-observer variability for quantification of renal perfusion
using contrast agent bolus injection.

Intra- and inter-observer variation can be minimized by adherence to a standardized
procedure in which operator dependent factors are controlled. However, no consensus
guidelines for renal perfusion quantification by CEUS are available in veterinary medicine.
Therefore, divergent CEUS protocols can be found in literature, especially regarding ROI
selection. In particular, the number, size, and placement of the ROIs drawn in the different
renal areas varies between studies [13,14,18,21,25-27]. In some studies, the ROI covered the
entire cortex or medulla as well as possible [14,26,28]. In others, several smaller ROIs were
drawn per renal area and their values were averaged [13,18]. One study used one larger
ROI that did not fully enclose the cortex or medulla, rather than averaging multiple smaller
ROIs [25]. However, each protocol seems to have a downside. Protocols in which the ROI
does not encompass the entire cortex, medulla, or kidney still leave scope for arbitrary
ROI placement, while the risk of inclusion of neighboring tissue and large blood vessels
increases when the ROI covers an entire renal region.

Although most renal blood flow parameters in this study showed a very similar intra-
and inter-observer agreement, several renal perfusion parameters had a considerably better
ICCintra than ICCjper. When the ROI covered the entire kidney or the medulla, more param-
eters had a lower ICCjpter than ICCjp s than when the ROI only covered the cortex or artery.
Therefore, different observers appear to cause some variation in perfusion quantification,
especially if the ROI surrounds the entire kidney or the medulla. The guidelines on ROI
placement in this study may have limited the variation between observers and the influence
of local blood flow heterogeneities, but ROI placement remains a manual action allowing
for introduction of variability. Another possible explanation for the lower reliability be-
tween observers than within observers may be the different level of expertise. Neighboring
tissue incorrectly included in the ROI can affect the TIC and associated parameters, espe-
cially if the ROI has to encompass a small area such as the interlobar artery [29]. A study
investigating intra- and inter-observer variability of echocardiographic measurements in
cats found an effect of observer experience indicating that the most competent observer
should not to be replaced by a less competent observer [30]. In addition, Khoo et al. (2016)
reported a reduction in intra- and inter-observer contouring variations of the prostate in
humans after observers followed an education program [31].

Solely based on the intra-observer agreement, the results of this study suggest that
the cortex is slightly better suited for renal perfusion assessment. The mean ICC of all
parameters in the cortex was good, in contrast to the other renal regions where multiple
velocity-related parameters showed a poor or moderate mean ICC. This result may be
explained by the fact that the cortex has a homogeneous perfusion [27,32]. However,
despite the heterogeneous blood flow in the medulla caused by the vascular architecture
and physiological characteristics of the medullary blood supply, a considerable number
of parameters showed a good intra-observer agreement [33,34]. This may be related to
the more stringent guidelines on the ROI placement in the medulla which allowed less
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influence by the observer. At the level of the medulla and interlobar artery, intensity-related
parameters and TTP also seem suitable for renal perfusion assessment. When the ROI
encompassed the entire kidney, only TTP showed an acceptable intra-observer agreement.
This result is contrary to that of previous studies in humans, rats, and dogs [18,26,35].
These studies reported good to excellent intra-observer agreement for the intensity-related
parameters and the velocity-related parameters in both cortex and medulla. A study of
Yoon et al. (2020), on the other hand, showed excellent intra-observer agreement for WiR
and poor agreement for RT in the medulla and cortex [36]. Other parameters showed
moderate intra-observer agreement at both locations [36].

Between observers, a good agreement was demonstrated for intensity-related parame-
ters at the cortex, medulla, and interlobular artery. With the exception of TTP at the cortex,
medulla, and entire kidney and mTTI at the renal artery and cortex, time-related and slope-
related parameters showed poor agreement among observers. These results are in line with
those of other studies. Kay et al. (2009) who studied renal perfusion in the post-transplant
period found a good agreement for TTP, PE, WiR, and WiAUC at the level of both the
cortex and medulla. Except for WiAUC, these researchers also observed good agreement
for interlobar artery perfusion parameters. Two other studies which assessed inter-observer
agreement of renal cortical perfusion in human patients reported a good reproducibility
for intensity-related parameters and the velocity-related parameters mTTI and TTP [28,37].
Observers in these studies were also bound by guidelines on ROI placement, although
these differed from the current study. Kay et al. (2009) limited analysis to either the upper
or mid-pole measurements [18]. Schneider et al. (2013) ensured that a similar portion of the
renal cortex was examined by applying anatomical landmarks and visual comparison [28].
In addition, all visible superficial cortex closest to the ultrasound probe was enclosed
within the ROI [28]. Unlike the current study, however, all observers in the aforementioned
studies had extensive experience with CEUS. In the studies of Schneider et al. (2013) and
Lin et al. (2022) observers consisted out of well-trained physicians with multiple years of
experience. Despite the difference in experience between observers in the current study;,
the applied ROI placement guidelines may have been sufficient to limit the variation in
ROI size, location, and depth to a large extent. Size, location, and depth of ROIs are factors
known to affect the TICsand the perfusion parameters derived from them [15-20]. In this
way the guidelines may have resulted in a good observer agreement for a considerable
number of parameters in the current study.

As indicated by the generally poor ICCipter, blood flow parameters of the ROI sur-
rounding the entire kidney proved difficult to reproduce between observers. The only
exception was TTP. The reason why blood flow parameters at the entire kidney have a low
agreement between observers is unclear. The delineation of the kidney may have been
unclear at times, making ROI placement more difficult for the less experienced observer.

Sample and residual variance accounted for the most variability in observer agreement.
Sample variance is the part of the variation in the data that is caused by the images being
evaluated, while observer variance is the part of the variation in the data that was due to
observers [38]. Residual variance is the variability in measurements caused by the influence
of variables other than those included in the model [38]. If there are many uncontrolled
variables influencing the measurements, in addition to observer and sample, the residual
variance can become excessive [38]. When the residual variance is large, it will result in
a lower ICC even if observer variance is small [38]. For some parameters, a considerable
portion of variance was attributable to observer—sample interaction. Observer-sample
interaction can be thought of as the part of the observer effect that may be caused by a
specific sample being analyzed. If observer—sample interaction is present, the difference
in measurements recorded between observers changes depending on the sample being
assessed [38]. Observer-sample interaction reduces intra- and inter-observer reliability [38].

Previous studies in dogs and cats have indicated that TTP, RT, and FT at the cortex and
TTP at the medulla are promising parameters for the evaluation of renal perfusion in future
research [21,25]. Over the short and long term, these time-related parameters showed the
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least variation within and between subjects, and therefore may have a greater diagnostic
potential [21,25]. Despite that, differentiation between healthy subjects and subjects with
renal disorders has also been achieved with blood volume parameters and parameters
related to the slope of the TIC [10-12,14].

A possible limitation in this study which could have affected the inter-period agree-
ment is that each kidney of each cat was at least evaluated once. As a result, a different
kidney was evaluated at one of the three time points, which may have led to additional
variation. It is, however, very unlikely that this would have significantly affected the
inter-period agreement. Stock et al. (2018) and Liu et al. (2019) namely found that the
right and left kidney of the same individual contributed very little to the variation of all
perfusion parameters [21,25]. A study of Lin et al. (2022) on diabetic nephropathy in human
patients only reported a slight difference in inter-observer agreement between parameters
of the right and left kidney [37]. Another limitation of the study is the number of animals
used in the experiment, especially in terms of interobserver reliability.

5. Conclusions

In conclusion, most renal blood flow parameters in this study showed a similar intra-
and inter-observer agreement; however, several quantitative renal perfusion parameters of
CEUS showed a better ICCjptrq than ICCipter. Therefore, it may be advised against having
the quantitative assessment of renal perfusion performed by different observers, especially
if the observers have different levels of experience. Mandatory certification of ultrasonolo-
gists based on system-specific expertise may need to be considered. The intensity-related
parameter mTTI at the level of the cortex appears to be the most appropriate parameter
for renal perfusion assessment as it shows both a favorable inter-observer agreement and
inter-period agreement.

Author Contributions: Conceptualization, A.H., E.S., S.F, ].H.S. and K.V.; methodology, E.S., S.F,,
L.D. and K.V,; validation, L.D.; formal analysis, L.D.; investigation, E.S. and S.F.; resources, E.S., S.F.
and J.H.S; data curation, E.S.; writing—original draft preparation, A.H.; writing—review and editing,
AH., ES, LD. and K.V, visualization, A.H.; supervision, E.S., ] H.S. and K.V.; project administration,
E.S. and S.F; funding acquisition, E.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Special Research Fund of Ghent University, Belgium
(Grant number: 2015003301 and 01D27919).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee of the Faculty of Veterinary Medicine of Ghent University (approval no. EC 2014/148).

Informed consent statement: Not applicable.

Data Availability Statement: Upon request, the data presented in this study can be provided by the
corresponding author.

Acknowledgments: The authors would like to thank Bracco Suisse SA, Geneva, Switzerland, for
their scientific support on the use of VueBox.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1. Kazmierski, B.; Deurdulian, C.; Tchelepi, H.; Grant, E.G. Applications of contrast-enhanced ultrasound in the kidney. Abdom Radiol.
2018, 43, 880-898. [CrossRef] [PubMed]

2. Dong, Y,; Wang, W.; Cao, J.; Fan, P;; Lin, X. Quantitative Evaluation of Contrast-Enhanced Ultrasonography in the Diagnosis of
Chronic Ischemic Renal Disease in a Dog Model. PLoS ONE 2013, 8, e70337. [CrossRef] [PubMed]

3. Siracusano, S.; Bertolotto, M.; Ciciliato, S.; Valentino, M.; Liguori, G.; Visalli, F. The current role of contrast-enhanced ultrasound
(CEUS) imaging in the evaluation of renal pathology. World J. Urol. 2011, 29, 633-638. [CrossRef]


http://doi.org/10.1007/s00261-017-1307-0
http://www.ncbi.nlm.nih.gov/pubmed/28856401
http://doi.org/10.1371/journal.pone.0070337
http://www.ncbi.nlm.nih.gov/pubmed/23936410
http://doi.org/10.1007/s00345-011-0699-7

Animals 2022, 12, 3557 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Selby, N.M.; Williams, J.P.; Phillips, B.E. Application of dynamic contrast enhanced ultrasound in the assessment of kidney
diseases. Curr. Opin. Nephrol. Hypertens. 2021, 30, 138-143. [CrossRef] [PubMed]

Xu, H.-X. Contrast-enhanced ultrasound: The evolving applications. World . Radiol. 2009, 1, 15-24. [CrossRef] [PubMed]
Erlichman, D.B.; Weiss, A.; Koenigsberg, M.; Stein, M.W. Contrast enhanced ultrasound: A review of radiology applications.
Clin. Imaging 2020, 60, 209-215. [CrossRef] [PubMed]

Herget-Rosenthal, S. Imaging Techniques in the Management of Chronic Kidney Disease: Current Developments and Future
Perspectives. Semin. Nephrol. 2011, 31, 283-290. [CrossRef]

Choi, S.Y,; Jeong, W.C.; Lee, Y.W.; Choi, H.]. Contrast enhanced ultrasonography of kidney in conscious and anesthetized beagle
dogs. J. Vet. Med. Sci. 2016, 78, 239-244. [CrossRef]

Stock, E.; Vanderperren, K.; Van Der Vekens, E.; Haers, H.; Duchateau, L.; Polis, I.; Hesta, M.; Saunders, ].H. The effect of
anesthesia with propofol and sedation with butorphanol on quantitative contrast-enhanced ultrasonography of the healthy feline
kidney. Vet. J. 2014, 202, 637-639. [CrossRef]

Mannucci, T.; Lippi, L; Rota, A.; Citi, S. Contrast enhancement ultrasound of renal perfusion in dogs with acute kidney injury.
J. Small Anim. Pract. 2019, 60, 471-476. [CrossRef]

Fang, X.X,; Fan, B.H.; Zhao, A.Q.; Ping, P; Yan, C. Quantitative analysis of contrast-enhanced ultrasound in the dog’s acute renal
failure. Biomed. Res. 2017, 28, 7137-7141.

Dong, Y.; Wang, W.P,; Cao, ].; Fan, P; Lin, X. Early assessment of chronic kidney dysfunction using contrast-enhanced ultrasound:
A pilot study. Br. ]. Radiol. 2014, 87, 1-7. [CrossRef] [PubMed]

Stock, E.; Paepe, D.; Daminet, S.; Vandermeulen, E.; Duchateau, L.; Saunders, J.H.; Vanderperren, K. Contrast-Enhanced
Ultrasound Examination for the Assessment of Renal Perfusion in Cats with Chronic Kidney Disease. . Vet. Intern. Med. 2018,
32, 260-266. [CrossRef] [PubMed]

Cao, W,; Cui, S;; Yang, L.; Wu, C.; Liu, J.; Yang, F; Liu, Y.; Bin, J.; Hou, EF. Contrast-Enhanced Ultrasound for Assessing Renal
Perfusion Impairment and Predicting Acute Kidney Injury to Chronic Kidney Disease Progression. Antioxidants Redox Signal.
2017, 27,1397-1411. [CrossRef]

Tang, M.X.; Mulvana, H.; Gauthier, T.; Lim, A.K.P,; Cosgrove, D.O.; Eckersley, R.J.; Stride, E. Quantitative contrast-enhanced
ultrasound imaging: A review of sources of variability. Interface Focus. 2011, 1, 520-539. [CrossRef]

Schlosser, T.; Pohl, C.; Veltmann, C.; Lohmaier, S.; Goenechea, J.; Ehlgen, A.; Koster, J.; Bimmel, D.; Kuntz-Hehner, S.;
Becher, H.; et al. Feasibility of the flash-replenishment concept in renal tissue: Which parameters affect the assessment of
the contrast replenishment? Ultrasound Med. Biol. 2001, 27, 937-944. [CrossRef]

Leinonen, M.R.; Raekallio, M.R.; Vainio, O.M.; Ruohoniemi, M.O.; O’brien, R.T. The Effect Of The Sample Size And Location On
Contrast Ultrasound Measurement Of Perfusion Parameters. Vet. Radiol. Ultrasound. 2011, 52, 82-87. [CrossRef]

Kay, D.H.; Mazonakis, M.; Geddes, C.; Baxter, G. Ultrasonic microbubble contrast agents and the transplant kidney. Clin. Radiol.
2009, 64, 1081-1087. [CrossRef]

Mul¢, S.; De Cesare, A.; Lucidarme, O.; Frouin, F; Herment, A. Regularized Estimation of Contrast Agent Attenuation to Improve
the Imaging of Microbubbles in Small Animal Studies. Ultrasound Med. Biol. 2008, 34, 938-948. [CrossRef]

Macri, F; Di Pietro, S.; Liotta, L.; Piccionello, A.P; Pugliese, M.; De Majo, M. Effects of size and location of regions of interest examined
by use of contrast-enhanced ultrasonography on renal perfusion variables of dogs. Am. ]. Vet. Res. 2016, 77, 869-876. [CrossRef]
Stock, E.; Duchateau, L.; Saunders, J.H.; Volckaert, V.; Polis, I.; Vanderperren, K. Repeatability of contrast-enhanced ultrasonogra-
phy of the kidneys in healthy cats. Ultrasound Med. Biol. 2018, 44, 426-433. [CrossRef]

Stock, E.; Vanderperren, K.; Haers, H.; Duchateau, L.; Hesta, M.; Saunders, J.H. Quantitative differences between the first and
second injection of contrast agent in contrast-enhanced ultrasonography of feline kidneys and spleen. Ultrasound Med. Biol. 2017,
43, 500-504. [CrossRef] [PubMed]

Koo, TK.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research.
J. Chiropr. Med. 2016, 15, 155-163. [CrossRef] [PubMed]

Daniel, A.J.; Buchanan, C.E.; Allcock, T.; Scerri, D.; Cox, E.E; Prestwich, B.L.; Francis, S.T. Automated renal segmentation in healthy and
chronic kidney disease subjects using a convolutional neural network. Magn. Reson. Med. 2021, 86, 1125-1136. [CrossRef] [PubMed]

Liu, D.J.X.; Hesta, M.; Stock, E.; Bogaerts, E.; Broeckx, B.J.G.; Saunders, ].H.; Vanderperren, K. Renal perfusion parame-
ters measured by contrast-enhanced ultrasound in healthy dogs demonstrate a wide range of variability in the long-term.
Vet. Radiol. Ultrasound. 2019, 60, 201-209. [CrossRef]

Wei, K.; Le, E.; Bin, J.P.; Coggins, M.; Thorpe, J.; Kaul, S. Quantification of renal blood flow with contrast-enhanced ultrasound.
J. Am. Coll. Cardiol. 2001, 37, 1135-1140. [CrossRef]

Leinonen, M.R.; Raekallio, M.R.; Vainio, O.M.; Ruohoniemi, M.O.; Biller, D.S.; O’Brien, R.T. Quantitative contrast-enhanced
ultrasonographic analysis of perfusion in the kidneys, liver, pancreas, small intestine, and mesenteric lymph nodes in healthy
cats. Am. J. Vet. Res. 2010, 71, 1305-1311. [CrossRef]

Schneider, A.G.; Goodwin, M.D.; Schelleman, A.; Bailey, M.; Johnson, L.; Bellomo, R. Contrast-enhanced ultrasound to evaluate
changes in renal cortical perfusion around cardiac surgery: A pilot study. Crit. Care. 2013, 17, 1-8. [CrossRef]

Gauthier, T.P; Muhammad, A.; Wasan, H.S.; Abel, PD.; Leen, E.L.S. Reproducibility of quantitative assessment of altered hepatic
hemodynamics with dynamic contrast-enhanced ultrasound. J. Ultrasound Med. 2012, 31, 1413-1420. [CrossRef]


http://doi.org/10.1097/MNH.0000000000000664
http://www.ncbi.nlm.nih.gov/pubmed/33186215
http://doi.org/10.4329/wjr.v1.i1.15
http://www.ncbi.nlm.nih.gov/pubmed/21160717
http://doi.org/10.1016/j.clinimag.2019.12.013
http://www.ncbi.nlm.nih.gov/pubmed/31927496
http://doi.org/10.1016/j.semnephrol.2011.05.011
http://doi.org/10.1292/jvms.15-0199
http://doi.org/10.1016/j.tvjl.2014.10.008
http://doi.org/10.1111/jsap.13001
http://doi.org/10.1259/bjr.20140350
http://www.ncbi.nlm.nih.gov/pubmed/25060882
http://doi.org/10.1111/jvim.14869
http://www.ncbi.nlm.nih.gov/pubmed/29171085
http://doi.org/10.1089/ars.2017.7006
http://doi.org/10.1098/rsfs.2011.0026
http://doi.org/10.1016/S0301-5629(01)00397-0
http://doi.org/10.1111/j.1740-8261.2010.01745.x
http://doi.org/10.1016/j.crad.2009.06.010
http://doi.org/10.1016/j.ultrasmedbio.2007.11.014
http://doi.org/10.2460/ajvr.77.8.869
http://doi.org/10.1016/j.ultrasmedbio.2017.09.019
http://doi.org/10.1016/j.ultrasmedbio.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27746009
http://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
http://doi.org/10.1002/mrm.28768
http://www.ncbi.nlm.nih.gov/pubmed/33755256
http://doi.org/10.1111/vru.12690
http://doi.org/10.1016/S0735-1097(00)01210-9
http://doi.org/10.2460/ajvr.71.11.1305
http://doi.org/10.1186/cc12817
http://doi.org/10.7863/jum.2012.31.9.1413

Animals 2022, 12, 3557 11 of 11

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chetboul, V.; Concordet, D.; Pouchelon, J.L.; Athanassiadis, N.; Muller, C.; Benigni, L.; Munari, A.C.; Lefebvre, H.P. Effects of inter-
and intra-observer variability on echocardiographic measurements in awake cats. J. Vet. Med. Ser. A 2003, 50, 326-331. [CrossRef]
Khoo, E.L.H,; Schick, K; Plank, A.W.; Poulsen, M.; Wong, W.W.G.; Middleton, M.; Martin, ]. M. Prostate contouring variation: Can
it be fixed? Int. J. Radiat. Oncol. Biol. Phys. 2012, 82, 1923-1929. [CrossRef] [PubMed]

Lee, G.; Jeon, S.; Lee, S.K.; Cheon, B.; Moon, S.; Park, J.G.; Cho, K.O.; Choi, J. Quantitative evaluation of renal parenchy-
mal perfusion using contrast-enhanced ultrasonography in renal ischemia-reperfusion injury in dogs. J. Vet. Sci. 2017,
18, 507-514. [CrossRef] [PubMed]

Pallone, T.L.; Zhang, Z.; Rhinehart, K. Physiology of the renal medullary microcirculation. Am. J. Physiol.—Ren. Physiol. 2003,
284, F253-F266. [CrossRef] [PubMed]

Evans, R.G.; Eppel, G.A.; Anderson, W.P,; Denton, K.M. Mechanisms underlying the differential control of blood flow in the renal
medulla and cortex. J. Hypertens. 2004, 22, 1439-1451. [CrossRef] [PubMed]

Seo, N.; Oh, H.; Oh, HJ.; Chung, Y.E. Quantitative Analysis of Microperfusion in Contrast-Induced Nephropathy Using
Contrast-Enhanced Ultrasound: An Animal Study. Korean J. Radiol. 2021, 22, 801-810. [CrossRef]

Yoon, H.E.; Kim, D.W,; Kim, D.; Kim, Y.; Shin, S.]J.; Shin, Y.R. A pilot trial to evaluate the clinical usefulness of contrast-enhanced
ultrasound in predicting renal outcomes in patients with acute kidney injury. PLoS ONE 2020, 15, e0235130. [CrossRef]

Lin, L.; Wang, Y; Yan, L.; Li, N,; Tian, X.; Li, Q.; Tang, J.; Luo, Y. Interobserver reproducibility of contrast-enhanced ultrasound in
diabetic nephropathy. Br. J. Radiol. 2022, 95, 20210189. [CrossRef]

Gwet, K.L. Handbook of Inter-Rater Reliability: The Definitive Guide to Measuring the Extent of Agreement among Raters, 4th ed.; Llc
Advanced Analytics: Gaithersburg, MA, USA, 2014; pp. 1-407.


http://doi.org/10.1046/j.1439-0442.2003.00546.x
http://doi.org/10.1016/j.ijrobp.2011.02.050
http://www.ncbi.nlm.nih.gov/pubmed/21514071
http://doi.org/10.4142/jvs.2017.18.4.507
http://www.ncbi.nlm.nih.gov/pubmed/28385013
http://doi.org/10.1152/ajprenal.00304.2002
http://www.ncbi.nlm.nih.gov/pubmed/12529271
http://doi.org/10.1097/01.hjh.0000133744.85490.9d
http://www.ncbi.nlm.nih.gov/pubmed/15257161
http://doi.org/10.3348/kjr.2020.0577
http://doi.org/10.1371/journal.pone.0235130
http://doi.org/10.1259/bjr.20210189

	Introduction 
	Materials and Methods 
	Results 
	Intra- and Inter-Observer Variability 
	Intra- and Inter- Periodic Variability 

	Discussion 
	Conclusions 
	References

