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ARTICLE INFO ABSTRACT

Keywords: Renal resistive index (RRI) and pulsatility index (RPI) are valuable tools for the early diagnosis and monitoring of
age. acute and chronic kidney injury, yet age-specific reference values in non-azotemic healthy dogs have not been
canine clearly defined. This study aimed to establish these reference values by evaluating 85 healthy, client-owned dogs,
E;;I;zler ultrasound which were divided into five age groups (juvenile, young adult, adult, senior, and geriatric), with 17 dogs per
Y group. Each dog underwent blood tests and physical examinations without abnormalities. Using a standardized
protocol, a single operator measured RRI and RPI, revealing a moderate significant correlation between age and
both indices (RRI p =.41, p < .001; RPI p =.40, p < .001). In the total sample, the mean RRI and RPI values were
0.613 £ 0.062 (95% confidence interval (95% CI): 0.600 — 0.627) and 1.144 + 0.236 (95% CI: 1.093 - 1.195),
respectively. In geriatric dogs, these values increased to 0.663 + 0.064 (95% CI: 0.630 — 0.695) for RRI and
1.305 + 0.263 (95% CI: 1.170 — 1.440) for RPL Notably, significant differences in RRI and RPI were found
between all groups of dogs younger than 11 years and the geriatric dog group (p = .0004 and p = .0007,
respectively). The proposed reference values were 0.71 for RRI and 1.51 for RPI in dogs younger than 11 years
old, compared to 0.79 and 1.83, respectively, in geriatric dogs. These findings demonstrate that RRI and RPI vary
with age, with younger dogs showing lower values than older dogs, emphasizing the importance of age-specific

thresholds to improve the accuracy of renal assessment in dogs.

1. Introduction

Renal diseases, are characterized by a decline in kidney function and
are associated with high morbidity and mortality due to the challenges
involved in managing disease progression (Geetika et al., 2024; Rimer
et al., 2022). Early diagnosis and appropriate follow-up are therefore
essential for preventing renal failure and improving quality of life
(Bartges, 2012).

Ultrasound imaging is a key step in kidney evaluation, as it provides

Abbreviations: RPI, renal pulsatility index; RRI, renal resistive index.

information on their location, size, shape, and architecture. It is also a
non-invasive, rapid, inexpensive and repeatable diagnostic tool
(Novellas et al., 2010). Doppler ultrasound complements this by
assessing renal perfusion (Novellas et al., 2010) and detecting changes in
tissue perfusion in critically ill patients (Deruddre et al., 2007). The
Doppler assessment is based on calculating of the renal resistance index
(RRI) and the renal pulsatility index (RPI), both of which reflect the
resistance in the renal microvascular bed to the arterial flow (Boddi
et al., 2015).
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This method detects reductions in renal arterial flow, which are
strongly associated with pathophysiological changes in the kidney
(Baltazar et al., 2016; Novellas et al., 2008; Platt, 1989). RRI and RPI
have been used in human medicine to diagnose acute kidney injury at an
early stage (Bellos et al., 2019; Le Dorze et al., 2012; Marty et al., 2015;
Song et al., 2018; Wybraniec et al., 2017) as well as to diagnose and
monitor chronic kidney disease (Di Nicolo & Granata, 2019; Rader-
macher et al., 2002). In humans, both RRI and RPI vary with age (Boddi
et al., 2015; Kawai et al., 2011; Lin & Cher, 1997; Mostbeck et al., 1991;
Pontremoli, 1999; Sigirci et al., 2006), with higher values observed in
children under one year of age and in geriatric patients. Thus, these
levels vary throughout the lifespan (Terry et al., 1992). These indices are
also influenced by extrarenal factors, including heart rate and blood
pressure (Boddi et al., 2016).

Although normal RRI and RPI values in healthy dogs have been
described, their clinical utility remains unclear because of the small
sample sizes of previous studies, which failed to consider variables such
as age, weight, arterial blood pressure, or heart rate (Ostrowska et al.,
2016). To the authors' knowledge, no study has evaluated in depth
whether these indices vary with the age of dogs. Only puppies in the first
12 weeks of life have been found to have a higher RRI (Agut et al., 2020;
Chang et al., 2010). For this reason, it is essential to determine normal
values in dogs using larger and more representative samples of animals
(Evangelista et al., 2022).

The main objective of this research was therefore to establish age-
specific reference values for RRI and RPI. The secondary objectives
were to evaluate whether there is a relationship between these indices
and heart rate, arterial blood pressure, body weight, body temperature,
sex, reproductive status, hematocrit, serum urea, and serum creatinine.
Finally, the third objective was to establish whether there are significant
differences in RRI and RPI between the left and right kidney, and to
assess the repeatability and success rate of these ultrasound techniques.

2. Material And Methods
2.1. Animals

The dogs included in the study were healthy animals who attended a
Veterinary Clinical Teaching Hospital for elective surgeries or geriatric
health controls. These dogs underwent renal Doppler ultrasound ex-
aminations on a voluntary basis. To include the dogs in the study, their
caregivers signed an informed consent form agreeing to the ultrasound
examination and the use of the data. All procedures were approved by
the Animal Experimentation Ethics Committee of the Veterinary Clinical
Teaching Hospital (09/2024).

To be considered healthy, the dogs must have a normal physical
examination (including normal blood pressure), a normal blood test
performed within one month prior to the ultrasound examination
(including complete blood count, total solids, glucose, urea, creatinine,
and alanine aminotransferase), and show no evidence of systemic dis-
ease. Complete blood counts were processed using an ADVIA 120®
hematology analyzer (Siemens Healthineers, Munich, Germany), and
biochemical analyses were performed with a Catalyst One® dry chem-
istry analyzer (IDEXX Laboratories Inc., Westbrook, Maine, USA).

The dogs were divided into groups according to a life stage classifi-
cation system established by Harvey (2021): Juvenile (6-12 months),
young adult (1-2 years), adult (3-6 years), senior (7-10 years), and
geriatric (11 years and over).

2.2. Blood pressure monitoring

Arterial blood pressure (systolic, diastolic and mean) was measured
before the start of the ultrasound examination according to the ACVIM
guidelines (Acierno et al., 2018), using the Braun SunTech® Vet20TM
oscillometric device (B. Braun Vetcare S.A.). Patients with a systolic
blood pressure greater than 140 mmHg were excluded.
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2.3. Ultrasonography. RRI and RPI measurements

Ultrasound measurements were performed using a Toshiba Xario
200 ultrasound machine, using triplex Doppler with a Toshiba Aplio 300
PVU-712BT 11mc4 microconvex probe. All measurements were per-
formed by the same operator in awake dogs. The principal investigator
(JOG) received 90 h of specific training in ultrasound image acquisition
from the diagnostic imaging team of the institution.

Examinations were performed in a quiet room in the hospitalization
area after a 5-minute acclimatization period. After this period, the ani-
mal was placed in the right lateral decubitus position, the projection
area of the left kidney was shaved, and ultrasound gel was applied.

First, the left kidney was localized using two-dimensional ultrasound
at a frequency of 6-10 MHz, with the settings (gain, depth and focus)
adjusted to obtain the best possible image quality of the kidney. Next,
the renal arterial tree was visualized using Doppler power ultrasound
(with the lowest speed scale that allows correct visualization without
motion artifacts) and the interlobar and arcuate arteries were localized
(Fig. 1). A pulsed Doppler measurement was then completed on one of
these arteries (Fig. 2). The gate size used ranged from 1 mm to 2.5 mm
and a 4.2-5 MHz. frequency was used.

The RRI measures the arterial resistance in the peripheral renal
vessels by calculating the ratio of the difference between peak systolic
velocity (PSV) and end diastolic velocity (EDV) to the PSV (RRI = (PSV -
EDV) / PSV). Similarly, the RPI uses the ratio of the difference between
PSV and EDV to time-average velocity (TAV) (RPI = (PSV - EDV) /
TAV).

Sampling for the RRI and RPI was taken at the level of the arcuate or
interlobar arteries, as resistance to blood flow increases progressively
from the hilar arteries towards the peripheral parenchymal vessels
(Andrikou et al., 2018).

Adjustment of the insonation angle was not required for the calcu-
lation of these indices. Doppler-derived velocities are proportional to the
cosine of the insonation angle (Anjou & Pennick, 2025); therefore, peak
systolic velocity and end-diastolic velocity are affected by the same
multiplicative factor. When these parameters are used to calculate RRI
and RPI, this factor cancels out between the numerator and denomina-
tor, making the indices independent of the Doppler angle. This is justi-
fied because both indices reflect the relative relationship between
systolic and diastolic flow rather than absolute velocity measurements,
meaning exact velocity quantification is not required (Di Nicolo &
Granata, 2019).

For a pulsed Doppler curve to be considered valid, it must contain
three waves of comparable speed and shape. Using the aforementioned

Fig. 1. Power Doppler visualization of the renal vasculature. * Indicates inter-
lobar arteries; # indicates arcuate arteries.
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Fig. 2. Renal power Doppler visualization and the corresponding pulsed Doppler graph obtained from an interlobar artery (A) and an arcuate artery (B).

calculations, the ultrasound machine automatically determined the RRI
and RPI in these graphs.

All dogs underwent measurements following the same standardized
protocol. Whenever possible (depending on behavior and the acoustic
window), indices were obtained from three different arteries, all of them
interlobar or arcuate, to compare the results between measurements
from a single artery with the average of three different ones. Finally, the
dog was placed in the left lateral decubitus position, and the right kidney
underwent the same procedure.

The repeatability of the RRI and RPI was evaluated by performing
two measurements 15 min apart on the same dog in a total of 15 dogs.

2.4. Statistical methods

A power analysis for comparison between age groups indicated that a
minimum of 17 dogs per group was required to calculate the reference
values for the indices, with a statistical power of 85% and a confidence
level of 99% (a0 =0.01). This analysis was performed using previous data
extracted from the first 30 animals measured, which had a mean RRI of
0.6 + 0.068. Similarly, a power analysis revealed that a minimum of 15
dogs were needed to calculate repeatability using the Pearson's corre-
lation coefficient, with 85% power and an «a of 0.05.

The normality of the variables’ distribution was evaluated using the
Shapiro-Wilk test. All variables followed a normal distribution except for
body weight. For normally distributed variables, Pearson’s correlation
coefficient was used, while Spearman’s correlation was applied for non-
normally distributed variables. Additionally, a multiple linear regres-
sion model was employed to assess the combined effect of age, sex,
reproductive status, heart rate, systolic arterial pressure and diastolic
arterial pressure on RRI and RPI. Model assumptions were assessed by
examining residuals. Normality was evaluated using Q-Q plots and the
Shapiro-Wilk test, homoscedasticity was assessed through residuals
versus fitted values plots, and influential observations were identified
using Cook’s distance. No major deviations from these assumptions were
observed.

Student’s t-test was used to determine whether there were differ-
ences in the indices according to sex, reproductive status, age (dogs
under 11 years and dogs over 11 years) and arteries (interlobar vs.
arcuate arteries).

The reference values were determined by adding two standard de-
viations to the mean values, in accordance with the methodology re-
ported in previous studies (Novellas et al., 2007).

Student’s t-test, Pearson’s correlation coefficient, and the intraclass
correlation coefficient (ICC (1,1)) were used to assess the repeatability of
the indices.

Statistical significance was set at p < .05, except for comparisons

between age groups, where a more conservative threshold of p < 0.01
was applied. All statistical tests except for the ICC were performed using
the SAS 9.4 package (SAS Institute). The ICC was performed using IBM
SPSS Statistics 29. All statistical analyses were performed by a statisti-
cian from the university’s research unit.

3. Result
3.1. Sample description

85 dogs were included in the study. The mean age was 5.55 years
(£4.73), and the mean weight was 14.64 kg (£10.09). There were 47
females (55.30%) and 38 males (44.70%). 44 dogs (51.76%) were intact
and 41 (48.24%) were neutered. The study group consisted of the
following breeds: mixed breeds (n = 21), Labrador Retriever (n = 7),
Jack Russell (n =5), Golden Retriever, Maltese Bichon and Border
Collie (n = 4 of each one), Poodle, German Shepherd, Schnauzer and
Yorkshire Terrier (n = 3 of each one), Greyhound, Teckel, West High-
land Terrier and Water Dog (n = 2 of each one), French Bichon, Boxer,
Bull Terrier, Cairn Terrier, Cavalier King Charles Spaniel, Chihuahua,
Cocker Spaniel, Fox Terrier, Mastiff, Pit Bull, Pomeranian, Andalusian
Buzzard, Spanish Hound, Scottish Terrier, English Tetter, Belgian
Shepherd Malinois, Shiba Inu, Breton Spaniel, Whippet, and Xoloitz-
cuintle (n = 1 of each one).

Junior dogs had a mean age of 0.7 years (+£0.14) and weighed
12.05 kg on average (+8.75). Young adults averaged 1.47 years (£+0.5)
with a mean weight of 12.26 kg (+7.36). Adult dogs had an average age
of 4.17 years (+1.15) and weighed 14.51 kg (4-8.72). Seniors showed a
mean age of 8.35 years (+£1.03) and an average weight of 16.13 kg
(+£9.81). The geriatric group presented a mean age of 13.06 years
(£1.30) and an average weight of 18.13 kg (+13.07).

The mean serum urea concentration was 36 mg/dL (6.8-58 mg/dL),
and the mean serum creatinine concentration was 0.91 mg/dL
(0.4-1.4 mg/dL). The mean hematocrit was 46% (35.3-54%). The mean
heart rate was 98 bpm (72-180 bpm), and the mean temperature was
38.7 °C (37.3-39.1 °C). Blood pressure measurements showed a mean
systolic pressure of 128 mmHg (118-140 mmHg), a mean diastolic
pressure of 74 mmHg (55-98 mmHg), and a mean arterial pressure of
102 mmHg (77-123 mmHg).

3.2. Age effect, measurements results and reference values

The results of the RRI and RPI measurements for the entire sample, as
well as by age groups, are shown in Table 1. The proposed upper
reference values for this population are also shown in Table 1.

The RRI remains comparatively constant until approximately 11
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Table 1
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Results of the RRI and RPI measurements. Abbreviations: SD, standard deviation; 95% CI, 95% confidence intervals; URV, upper reference value (calculated with two

SD added to the mean).

Age RRI RPI

Mean SD 95% CI URV Mean SD 95% CI URV
Juniors 0.599 0.052 0.572-0.625 0.703 1.081 0.211 0.973-1.189 1.503
Young adults 0.583 0.066 0.549-0.617 0.715 1.023 0.255 0.892-1.154 1.533
Adults 0.606 0.053 0.579-0.634 0.712 1.109 0.188 1.012-1.206 1.485
Seniors 0.615 0.048 0.590-0.640 0.711 1.201 0.161 1.119-1.284 1.523
Geriatrics 0.663 0.064 0.630-0.695 0.791 1.305 0.263 1.170-1.440 1.831
Total sample 0.613 0.062 0.600-0.627 0.737 1.144 0.236 1.093-1.195 1.616

years of age, after which a marked and statistically significant increase is
observed. In parallel, the RPI demonstrates a more progressive upward
trend, with dogs aged 11 years or older exhibiting substantially higher
values.

A moderate, significant positive correlation was observed between
age and both RRI (p =.41, p < .001) and RPI (p =.40, p < .001), as can
be seen in Fig. 3. Furthermore, significant differences were found be-
tween geriatric dogs (11 years or older) and younger dogs for both RRI
(p = .0004) and RPI (p = .0007).

3.3. Effect of other factors on the indices

Significant differences were found between neutered and unneutered
dogs for both RRI (p = .0015) and RPI (p = .014). Similarly, a significant
difference was observed in RPI between males and females (p = .045),
but not in the RRI (p = .063).

No correlation was found between the indices and body weight,
hematocrit, serum urea, serum creatinine, body temperature, heart rate
and systolic, diastolic, and mean arterial blood pressure.

When the combined effects of age, sex, body weight, reproductive
status, heart rate, systolic blood pressure, and diastolic blood pressure
on RRI and RPI were evaluated, significant differences in the indices
were observed only for sex in addition to age. Females exhibited a mean
RRI 0.03 units higher than that of males (p = 0.028) and a mean RPI
0.012 units higher (p = 0.017).

3.4. Repeatability and effect of the technique

The two subsequent assessments of RRI (p =.88, p < .001) and RPI (p
=.77, p = .001) showed a strong positive association. These measures
also had a good ICC for RRI (ICC =.875, p < .001) and RPI (ICC =.77,
p <.001).

No significant differences were found between the left and right
kidneys for RRI (p = .252) or RPI (p =.753). In addition, there was a
strong positive correlation (p =.77, p < .001) between both kidneys for
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RRI. Similarly, there was a moderate positive correlation (p =.49,
p = .002) between the two kidneys for RPI. No discernible difference
was observed between the mean of the measurements from 3 different
arteries in the same kidney and a single measurement (p =.959).
Additionally, there was a strong positive correlation between the first
measurement and the mean of the 3 measurements (p =.91, p < .001),
with an excellent ICC (ICC =.99, p < .001). No difference was demon-
strated between the indices measured in the arcuate and the interlobar
arteries (p = .82). Finally, a strong positive correlation between RRI and
RPI was found (p =.85, p < .001).

3.5. Success rate of the technique

The technique could not be performed successfully on all dogs in
which it was attempted, with 105 ultrasound examinations conducted
on different dogs to achieve a total amount of 85 dogs. The success rate
of the technique was 80.95%.

The duration of the Doppler ultrasound examination ranged from 5
to 25 min, with a mean of 10.9 min.

4. Discussion

The main goal of our study was to determine upper reference values
for RRI and RPI according to life stage. Based on our findings, the dif-
ference between age and both indices becomes more pronounced after
the age of 11, with a significant difference between dogs aged 11 years
or older and those younger than 11 years. This highlights the importance
of using different reference values depending on age.

A similar pattern has been observed in human medicine, where
values steady increase, with a significant difference between people
under and over 50 years old (Boddi et al., 2016). This could be explained
by the fact that the ageing effect on the kidneys is insufficient to cause a
significant change in the indices until a certain age is reached.

To the authors' knowledge, this is the first study to provide data on
RRI and RPI across all life stages of dogs. The fact that the variation of
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Fig. 3. Scatter plots showing the relationship between age and RRI (A) and RPI (B). Each point represents an individual dog. Solid lines indicate the fitted linear
trend. The graphs were generated using GraphPad Prism version 10.5. Abbreviations: RRI, renal resistive index; RPI, renal pulsatility index.
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these indices with age has not been studied is relevant because, in
human medicine, the RRI has been shown to positively correlate with
age. In humans, RRI is increased in individuals younger than one year
old and in geriatric patients, with levels varying throughout life (Boddi
et al.,, 2016; Kawai et al., 2011; Mostbeck et al., 1991; Pontremoli,
1999). The lower indices in younger animals may be due to their smaller
renal volume, reduced vessel diameters, and the low diastolic flow. This
reduced flow is associated with a lower glomerular filtration rate, which
is caused by the large number of immature glomeruli present in neonates
(Sigirci et al., 2006).

Most of the studies performed in veterinary medicine have not found
a correlation between the indices and age (Matos et al., 2018; Morrow
et al., 1996; Novellas et al., 2007; Pollard et al., 1999; Rivers et al.,
1997). This is probably attributed to the small population sizes in these
studies and the fact that in many of these studies, the ages of the in-
dividuals were very similar. In contrast, the study with the largest
population size of dogs (n = 44) found a correlation between the indices
and age (Ostrowska et al., 2016). However, this study did not examine
how these indices fluctuate throughout the life stages of dogs and did not
establish references values by age.

In human medicine, an increase in these indices in geriatric patients
has been shown to reduce the test's specificity, complicating its use in
these patients (Kelahan et al., 2019). Therefore, a specific upper refer-
ence value should be established for this group of patients, as healthy
geriatric patients may present values above the general threshold (Doi
et al., 2012; Tublin et al., 2003).

The mean RRI in our study was 0.613. This result is consistent with
previous reports on dogs, which documented mean values of 0.64 (Dodd
etal., 1991; Ostrowska et al., 2016) and 0.62 (Novellas et al., 2007). The
mean RPI in our study was 1.144, which closely aligns with the only
previously reported mean of 1.15 (Novellas et al., 2007). This consis-
tency suggests that RRI and RPI measurements are relatively stable
across different populations and methodologies, thereby reinforcing
their potential clinical utility.

The fact that hemodynamic values change with age highlights the
need for age-specific reference values. However, it would only be
necessary to establish specific reference values for dogs older than 11
years, as values do not change sufficiently until the age of 11. Therefore,
all dogs between 4 months and 10 years of age would have the same
reference value. Additionally, only the upper limit is used in clinical
practice.

The upper reference values suggested in this study for dogs between
4 months and 10 years of age are 0.71 for RRI and 1.51 for RPI. The
previously described reference values in dogs are 1.52 for RPI (Novellas
et al., 2007) and range from 0.7 to 0.73 for RRI (Novellas et al., 2007;
Platt, 1989; Rivers et al., 1997), which are highly consistent with our
proposed values. Moreover, these values closely resemble those estab-
lished in humans, where the upper reference values are 0.7 for RRI and
1.5 for RPI (Gottlieb et al., 1989; Kim et al., 1992; Platt, 1989).

In contrast, the proposed upper reference values for dogs aged 11
years and older are 0.79 and 1.83 for RRI and RPI respectively. The
difference in these indices between dogs younger and older than 11
years is significant. This increase may be attributable to physiological
changes secondary to reduced vascular compliance and age-related al-
terations in renal architecture (Boddi et al., 2016), as well as a greater
prevalence of atherosclerosis in older individuals (Mostbeck et al.,
1991). Therefore, applying the standard reference values to geriatric
patients could lead to an overdiagnosis of renal disease in this age group.

The second objective of our study was to assess the potential rela-
tionship between these indices and heart rate, arterial blood pressure,
body weight, body temperature, sex, reproductive status, hematocrit,
serum urea, and serum creatinine.

Although arterial pressure and heart rate have been documented to
influence RRI and RPI in humans (Boddi et al., 2016; Cauwenberghs &
Kuznetsova, 2015), no correlation was found between these variables
and the indices in this study. This finding is consistent with previous
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studies in veterinary medicine (Novellas et al., 2007, 2008). The primary
reason for not detecting an association may be the study's inclusion
criteria, which required a normal physical examination (including
normal blood pressure) and an absence of systemic diseases such as
arterial hypertension or hypotension. As a result, the dogs included in
the study may not have exhibited blood pressure or heart rate values
extreme enough to influence the indices. Similarly, body temperature
did not affect the indices, and no significant correlation was found be-
tween either index, or body weight.

Neither the correlation analysis between the indices and body
weight, nor the multiple regression model, demonstrated any influence
of body weight on RRI or RPL These findings indicate that the values of
these indices are not affected by dog size, with comparable levels
observed across dogs of different body weights. This result is relevant for
interpreting Doppler measurements, as it supports using RRI and RPI
without the need for weight-based adjustment. Moreover, this obser-
vation is consistent with previously published data on the canine species
(Ostrowska et al., 2016). A significant difference was observed between
neutered and unneutered dogs. However, when evaluated alongside the
other variables, no significant effect was identified, which may be
attributable to an interaction with age. The average age of the neutered
dogs (7.34 years) was higher than the average age of the unneutered
dogs (3.88 years), and as previously noted, RRI and RPI values show an
age-related increase.

In contrast, a significant difference was found between males and
females. Previous studies conducted in human, canine, feline, and
equine medicine have generally not reported significant sex-related
differences in RRI values. The only exception is a human study by
Ponte et al. (2014), which found that women had an RRI value 0.20 units
higher than men, a difference similar to that observed in the present
study. It is noteworthy that this study had the largest sample size among
those investigating this variable, which may have enabled the detection
of a difference that remained unnoticed in studies with lower statistical
power. It has been reported that women have smaller kidneys and a finer
vascular network, which is more susceptible to variations in vascular
tone. Such anatomical and physiological characteristics could increase
renal blood flow resistance, thereby explaining the higher values
observed for these indices (Harvey & Alvarez de la Rosa, 2025). The
observed difference is minor and, although it should be considered when
interpreting the results, further studies are warranted to investigate this
finding.

No correlation was found between the indices and hematocrit, serum
urea or serum creatinine. These were analyzed as indicators of renal
function and systemic status; notably, hematocrit is related to blood
viscosity and may influence renal hemodynamics. This may be attrib-
uted to the fact that all dogs included in the study were healthy with
normal blood test results.

The third objective of the study was to establish whether there are
significant differences in RRI and RPI between the left and right kidney,
as well as to assess repeatability and success rate of these ultrasound
techniques.

As described in other veterinary studies (Agut et al., 2020; Chang
et al., 2010; Novellas et al., 2007, 2010; Ostrowska et al., 2016), no
statistically significant differences were found between the left and right
kidneys. However, it is important to note that the strength of the cor-
relation was moderate and that interclass correlation was sufficient. This
underscores the need to examine both kidneys in all dogs.

In human medicine, it is recommended to take a measure of the
cranial, middle and caudal thirds of the kidney (Andrikou et al., 2018; Di
Nicolo & Granata, 2019), but in veterinary medicine it is more difficult
to obtain a measurement of the 3 thirds of the kidney. This difficulty may
be attributed to the fact that the technique is easier to perform in
humans due to patient cooperation and their ability to control respira-
tory rate during ultrasound. The results of this study suggest that, in
healthy dogs, there is no difference between a single measurement and
the average of 3 different regions. This suggests that a single
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measurement may be sufficient. Nevertheless, this should be
re-evaluated in dogs with renal pathology, as the kidneys may become
damaged in a non-uniform manner.

RRI and RPI should be determined in the arcuate or interlobar ar-
teries because the resistance to blood flow through the renal arterial tree
increases as the arteries become more peripheral (Viazzi et al., 2014).
The lack of a difference between the interlobar and arcuate arteries for
RRI and RPI indicates that these indices can be measured indistin-
guishably in both arteries, which is consistent with what has been
observed previously (Keogan et al., 1996).

The strong positive correlation between RRI and RPI suggests that
individuals with higher levels of one index are also likely to have higher
levels of the other. This is because both indices measure the same
physiological phenomenon: the resistance of blood vessels to blood flow.
While this relationship is also likely applicable to patients with kidney
disease, further research is needed to confirm this hypothesis.

The Doppler estimation of RRI and RPI can be influenced by different
technical and physiological factors, such as the depth of the kidneys and
the quality of the sonographic window (Freccero et al., 2020).

The absence of differences between two Doppler measurements in
the same dog, separated by 15 min, indicates good repeatability of the
RRI and RPL Therefore, the results are expected to be consistent each
time an operator measures the indices in the same individual. This result
has already been previously reported in humans (Le Dorze et al., 2012;
Lerolle et al., 2006; Schnell et al., 2012, 2014), cats (Matos et al., 2018)
and horses (Siwinska et al., 2021), but not in dogs. To the authors
knowledge, this is the first study to describe the repeatability of the RRI
and RPI in dogs. However, it should be noted that low repeatability has
also been reported in human medicine (Theertha et al., 2023; Wybraniec
et al., 2017).

The test's success rate was 80.95%, which can be attributed to the
fact that this technique is highly patient-dependent. To the authors'
knowledge, no study has previously reported the success rate of this test.
The arteries in which the indices are measured are very small (usually
less than 3 mm), so any movement of the kidney makes their measure-
ment challenging. For this reason, this technique is particularly difficult
to accomplish if the dog is moving, howling, panting or breathing
rapidly.

The duration of the Doppler ultrasound (with an average duration of
10.9 min) is very similar to the duration of the measurement times re-
ported for healthy humans (10 min) and healthy cats (12-15 min) (Cruz
et al., 2022; Matos et al., 2018; Rivers et al., 1997). On the other hand, it
has also been reported that Doppler measurements in healthy humans
can last up to 30 min (Keogan et al., 1996), which was the maximum
measurement duration in our study.

The primary limitation of this study is that it was conducted in a
single facility by a single operator. A multicentre study would be
necessary to determine whether our results can be generalized to other
hospitals.

On the other hand, reference values for renal resistive and pulsatility
indices were derived only from non-azotaemic healthy dogs and should
not be interpreted as diagnostic cut-off points. Their clinical application
requires careful consideration of the individual patient. In the absence of
values from diseased populations, these upper reference limits may still
provide useful guidance, particularly in geriatric dogs. Further studies
including dogs with renal disease are needed to establish disease-specific
thresholds and clarify the diagnostic and prognostic value of RRI and
RPL

Additionally, further studies involving animals of similar body size
and body weight, but different ages may be warranted, as these variables
could potentially influence the hemodynamic indices.

5. Conclusions

Renal resistive and pulsatility indices vary with age, emphasizing the
importance of using age-specific upper reference values. For dogs under
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11 years of age, reference values of 0.71 for RRI and 1.51 for RPI would
be optimal. In contrast, for dogs aged 11 years and older, reference
values of 0.79 for RRI and 1.83 for RPI would be more favorable.

Sex may represent a potentially relevant factor influencing RRI and
RPI and should be considered when interpreting the results.

On the other hand, RRI and RPI are not significantly influenced by
heart rate, blood pressure, body condition, body temperature, repro-
ductive status, or hematocrit.

RRI and RPI measurement is a repeatable technique.

In dogs that are difficult to handle and where measurement of the
indices is difficult, a single valid Doppler measurement of one vessel may
be sufficient, as no differences were found between measuring one ar-
tery and measuring three different arteries.

Finally, it is essential to recognize that this technique is highly
patient-dependent, with a success rate of 80.95% in this study.
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