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Simple Summary: The renal resistive index (RRI) is probably the most commonly used parameter to
evaluate blood flow in kidney vessels. Alterations in this parameter have been noted in a range of
conditions affecting the kidney, such as acute variations in renal vascular resistance and renal damage
in multiple-organ dysfunction syndrome. In order to interpret changes of the RRI in pathologic
conditions, the normal values of intrarenal arterial RI should be known. In adult healthy dogs, the RRI
values have been well established. However, there is little information regarding the RRI values
of puppies. The objective of this study is to establish the RRI of normal kidneys in puppies aged
from newborn to 20 weeks of age and to determine the age at which RRI reaches adult dog values.
The highest value was obtained in the first three weeks of life and then it gradually declined with
increasing age reaching adult dog values at 12 weeks of age.

Abstract: The purpose of this study is to establish renal resistive index (RRI) of normal kidneys in
puppies aged from newborn to 20 weeks of age and to determine the age at which RRI reaches adult
dog values. Six healthy adult intact beagles and six puppies from 1 day after birth to 20 weeks of age
were used. In the adult dogs, the ultrasonographic scans were performed once, and in the puppies,
the ultrasonographic studies were performed on the first day after birth and at 1, 2, 3, 4, 6, 8, 12,
16, and 20 weeks of age. RRI was obtained at the interlobular and arcuate arteries in each kidney.
There were no statistical differences between the RRI values obtained between the right and left
kidney nor between intrarenal arteries (interlobar and arcuate). The RRI was the highest during the
first weeks of life, after which it declined gradually with increasing age reaching adult dog values at
12 weeks of age. In conclusion, the normal mean RRI is age dependent in dogs. Twelve weeks can be
regarded as the age at which adult mean RRI criteria can be applied to puppies.

Keywords: Doppler ultrasound; resistive index; kidney; intrarenal artery; dog; puppy

1. Introduction

Renal blood flow is closely linked to physiological and pathological changes in the kidney [1].
Doppler ultrasound can be used to assess the renal blood flow. Several parameters have been used to
evaluate changes in the renal vasculature and blood flow [2]. The renal resistive index (RRI) is probably
the most commonly used parameter to evaluate blood flow in kidney vessels [2,3]. The resistive index
(RI) measures the arterial resistance in the peripheral vessels by calculating the ratio between the
peak systolic velocity (PSV) and the end diastolic velocity (EDV) (RI = (PSV — EDV)/PSV), which is
independent of the angle and the position of the transducer, allowing accurate and reproducible
measurements [4]. This is particularly important for the evaluation of glomerular, tubulointerstitial,
and vascular lesions in the kidney [5,6]. Alterations in this parameter have been noted in a range of
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conditions affecting the kidney, such as acute variations in renal vascular resistance and renal damage
in multiple-organ dysfunction syndrome [5,6].

Both in humans [7,8] and dogs [9], it has been demonstrated that RRI is age dependent. However,
little information regarding intrarenal arterial RI in puppies is available. In order to interpret changes
of the RRI in pathologic conditions in puppies, the normal values of intrarenal arterial RI should
be established.

The purpose of this study is to establish the RRI of normal kidneys in puppies aged from newborn
to 20 weeks of age and to determine the age at which RRI reaches adult dog values.

2. Materials and Methods

This study was approved by the Ethical Committee of the University of Murcia (616/20).
All procedures were carried out in accordance with the current Spanish (RD 53/2013) and European
(Directive 2010/63/EU) legislation on animal protection.

2.1. Animals

The present study was carried out with six healthy adult intact beagles (3 males and 3 females)
with a mean age of 4 years (range, 2 to 6 years) and mean body weight of 10.7 kg (range, 8 to 13 kg),
which were previously used in ultrasound practical lectures, and six beagle puppies (2 males and
4 females) of different litters which were evaluated from 1 day after birth to 20 weeks of age. The study
was extended to 20 weeks of age since in a previous study [9] the renal RI in dogs younger than
4 months of age was higher than in older dogs. The puppies were the progeny of a closed Beagle
colony at the Animal Medicine and Surgery Department, University of Murcia.

Each dog was housed individually in facilities in accordance with animal care and use guidelines.
The puppies were housed with their mother and allowed free access to them after weaning.

All the adult animals were determined to be clinically healthy on the basis of results of
physical examination, complete blood cell counts, serum biochemical profiles, urine analyses, urine
protein-to-creatinine ratio, and abdominal ultrasound. During the first 4 weeks of life, the puppies
were considered healthy based on their behavior, physical examination, urinalysis, and abdominal
ultrasound for evaluating the appearance of both kidneys. The complete blood cell counts, and serum
biochemical profiles were performed at 4 weeks of age.

2.2. Ultrasonographic Evaluations

The ultrasonographic scans in the adult beagles (control group) were performed once. In the
puppies, the ultrasonographic studies were performed on the first day after birth and at 1, 2, 3, 4, 6, 8,
12, 16, and 20 weeks of age.

All ultrasonographic examinations were performed using 5-8 MHz curved array transducer
(HD15, Philips, Eindhoven, The Netherlands). The researcher adapted the settings to obtain the best
image quality for visualizing the kidney in each dog. The dogs were examined without sedation.
They were manually restrained in lateral recumbency, which varied according to scanned kidney.
The hair was clipped, and acoustic coupling gel was applied to the skin over the area of interest in each
dog when it was necessary. All the abdominal ultrasound examinations were performed by the same
board-certified radiologist (A.A.).

B-mode, color Doppler, and pulsed wave Doppler ultrasound examinations were performed on
both kidneys to assess the RI of the intrarenal arteries. Each kidney was imagined in the longitudinal
plane in B-mode and then color flow Doppler ultrasonography was utilized to visualize the intrarenal
vasculature. The interlobar arteries were localized along the border of medullary pyramids and the
arcuate arteries at the corticomedullary junctions [6]. Then, pulse-wave Doppler ultrasonography was
performed for each of the intrarenal arteries with a Doppler sample width of 1-2 mm. The lowest
possible filter was used and the smallest scale that displayed the flow without aliasing was selected.
Three to five similar sequential Doppler waveforms were obtained. Then the measurement of the RI was
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calculated automatically by the software of the ultrasonographic machine after manual delimitation of
the PSV and EDV using the internal calipers. RI at the interlobular and arcuate arteries was measured
in three separates sites within each kidney and the average value was calculated.

2.3. Statistical Analysis

The sample size was calculated using the “resource equation method” [10].

Data editing and statistical analyses were performed using the IBM SPSS v24.0 (SPSS Inc., Chicago,
IL, USA). Normality of variable distribution was tested by the Shapiro-Wilk test. The Mann-Whitney
test was used to assess differences in the RI values between the right and left kidney, and between
interlobar and arcuate arteries. The effect of age in the renal RI values was analyzed with the
Kruskal-Wallis test. The Wilcoxon matched pairs signed rank test was used to compare differences in
RI values between the different ages of the puppies. The Mann-Whitney U test was used to explore
differences in RI values between puppies and adult dogs. Data are shown as mean + standard deviation
(SD) (in the text and table) and median together with percentiles (in the figures). The results were
considered statistically significant when p < 0.05.

3. Results

All the data obtained in the study are available within the article and its Supplementary Materials.

Both kidneys were identified in each dog and presented normal structure and greyscale
ultrasonographic appearance. Doppler examinations were successfully performed in all animals.
Although, in puppies, the Doppler flow spectrum of arcuate arteries was more difficult to obtain until
six weeks age.

No significant differences were found in the RI values obtained between the interlobular (0.73 + 0.1)
and arcuate (0.75 + 0.13) arteries. There were no significant differences in the RI values obtained
between the right (0.75 + 0.11) and left (0.74 + 0.12) kidneys. Accordingly, the results are focused on
the effect of age on RRI values.

The mean of RRI values obtained in puppies and adult dogs is presented in Table 1.

Table 1. Renal resistive index values obtained at different ages of puppies and adult dogs.

Age Mean + SD Range
1day 0.86 + 0.05 0.81-0.95
1w 0.89 = 0.03 0.84-0.96
2w 0.89 + 0.04 0.8-0.95
3w 0.87 + 0.04 0.81-0.93
4w 0.76 = 0.02 0.73-0.78
6w 0.73 + 0.04 0.68-0.78
8w 0.71 £ 0.04 0.65-0.76
12w 0.66 = 0.05 0.6-0.74
low 0.64 + 0.02 0.6-0.68
20w 0.64 + 0.03 0.57-0.68
Adult 0.66 = 0.02 0.63-0.69
w: week.

Age influenced the RRI values (Figure 1). The RRI values tended to decrease with increasing age.
An alternative form of data presentation is a color-coded heatmap according to RRI values (Figure 2).
Renal RI values were significantly higher from birth to three weeks of age, and then gradually decreased
stabilizing at 12 weeks of age, where they reached the adult dog values.
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Figure 1. Box-whisker plot showing the renal resistive index (RRI) over the age of the puppies and
the adult dogs. Horizontal lines in the boxes represent the median, the bottom, and top of the boxes,
the 25th and 75th percentiles; and the whiskers indicate the minimum and maximum values. The red
points indicate the RRI value of each dog for each kidney. *** Indicates differences (p < 0.05) between
the ages of puppies and adult dogs. a-d: Indicates differences (p < 0.05) between the puppies’ ages.
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Figure 2. Heat map showing the renal resistive index value for each dog over the different ages of the
puppies and the adult dogs. Red shows the high values and green the low values of the resistive index.

There were no significant differences between the RRI values obtained from puppies from 1 day
after birth to three weeks of age (Figure 1). However, there were differences (p < 0.05) between the
RRI values obtained at these ages and the rest of the ages of puppies and adult dogs. The RRI values
obtained at four weeks and six weeks of age were similar. There were differences (p < 0.05) between
them and the values obtained at the different ages of puppies and adult dogs. There was a difference
(p < 0.05) between the RRI values obtained at eight weeks of age and the rest of the ages of puppies and
adult dogs. There were no differences (p < 0.05) between the RRI values of the puppies from 12 weeks
of age and adult dogs.

4. Discussion

This is the first study, to the authors’ knowledge, that shows the evolution of the RRI in dogs from
birth to 20 weeks of age. There was no statistical difference between RI values obtained between the
right and left kidney nor between intrarenal arteries (interlobar and arcuate). The RRI was the highest
at birth and then gradually decreased with increasing age reaching adult dog values at 12 weeks of age.
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Intrarenal RI values did not vary between the right and left kidney. This finding is in agreement
with the renal arteries of humans [8,11], canines [1], and felines [1,12]. In contrast, Tipisca et al. [4]
reported significantly higher RI values in the left than right kidneys in healthy cats. In horses, the RI
in the right kidney was statistically higher than in the left kidney [13]. These authors reported that
different RI values between both kidneys is difficult to explain. Unless there were any microscopical
differences in functional subunits which are not known, or technical factors, since ultrasonography is
essentially an operator-dependent method [4,13].

No differences were found between RRI values obtained in interlobar and arcuate arteries [7,9].
However, in puppies during the first weeks of age, the Doppler flow spectrum for arcuate arteries
was more difficult to obtain due to low blood flow to the kidney cortex in neonates [14]. The cortical
flow increased with age as a result of both an increase in cortical size and perfusion per gram of
tissue [14]. Nevertheless, it has been suggested that many pathologic processes induce the most
marked alterations in resistance to blood flow in the most distal arterial branches within the kidney.
Thus, Doppler flow spectra obtained from arcuate arteries would potentially have greater clinical
relevance for measurements in renal disease [6].

The intrarenal RI values showed a significant dependence on age [9,15]. In humans, intrarenal RI
values are highest at birth and decline with age [7,15]. In veterinary medicine, there is only a study
where the RI values of dogs younger than four months were compared with dogs older than four
months. The RI on dogs <4 months of age was higher than in older dogs [9]. However, to the authors’
knowledge, repeated assessment of RRI from birth in the same dog has not been reported. In addition,
a precise definition of when the transition from puppies to adult RRI values takes place remains to
be answered.

In our study, as in previous human studies [7,8], intrarenal RI values were the highest at birth
and then gradually declined with increasing age. The mean value of RRI in the newborns was 0.86.
This value remained until three weeks of age. Then, they gradually decreased from four to 12 weeks of
age and remained stable from 12 weeks of age, reaching the RRI values obtained in the adult dogs
(0.66 + 0.02). Chang et al. [9] reported a mean RI of 0.75 + 0.05 in dogs <4 months. These values are
close to those obtained in our study for the puppies from four to eight weeks of age but are higher than
in older puppies from 12 to 20 weeks of age. In the above-mentioned report [9], the authors obtained
RRI values of 0.65 + 0.05 for the dogs >4 months. These values are similar to those obtained in our
study for puppies from 12 weeks of age and the adult dogs, being within the reported reference values
(0.56-0.67) [1,16].

These findings should be explained due to developmental physiology and renal anatomy in dogs.
The puppy kidney is immature in both structure and function at birth. Functional maturity of the
kidney lags behind anatomic maturation [17]. The nephrogenesis in dogs continues for at least two
weeks after birth [18]. Until approximately eight days of age, there is a distinct subcapsular zone
in which new nephrons are formed. Beneath this nephrogenic zone, the nephrons (specifically the
glomeruli) become increasingly more mature towards the corticomedullary junction. Although it is
common to detect fetal or immature glomeruli until 21 days of age, these should decrease in number
after that time [19]. During this period, the RRI values were the highest, caused by the large number of
immature glomeruli [15]. After nephrogenesis has ceased, the growth and maturation of the kidney
continues for a long time [19]. At 74 days old, the time glomerular function, expressed per unit of renal
weight reached the mature level. Moreover, the microscopic appearance of kidneys of 70-day-old dogs
is similar to that of adult dogs. The glomeruli are mature and there is less difference in size between
glomeruli of the outer and inner cortex [19]. These features support our findings where the RRI values
remained stable from 12 weeks of age, reaching the RI values obtained in the adult dogs. Hence, the
decline in renal vascular resistance with age reflects the process of ongoing maturation of the kidney
after birth [7].

Another explanation could be that the kidneys’ volume increases with age causing an increase
in vascular diameter and cross-sectional area, then leading a decrease of RI [15]. The appearance of
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the vascular system of the puppy kidney is strikingly different from the adult dog kidney. From birth
to six weeks of age, the mean renal blood flow increases progressively, reaching 60-70% of the total
blood flow at about 8-10 weeks of age and the adult value of blood flow at 14-16 weeks of age [14].
These features could also explain that at 12 weeks of age the RRI values of adult dogs are reached.

Other reports have suggested that the progressive decline of RI values with age is related to active
plasma renin levels [7,9].

Perhaps the main limitation of this study is the small sample size. However, we have used as few
animals as possible to obtain sufficient data to achieve the objectives of this study. Since the animals of
this investigation were not able to be replaced by other techniques or methods. Another limitation could
be that all the examinations and measurements were performed by the same operator. Ultrasound is
operator dependent, therefore variations that could occur between operators were not evaluated.

5. Conclusions

The normal mean Rl is age dependent in dogs. The highest value was obtained in the first three
weeks of life and then it gradually declined with increasing age reaching adult dog values at 12 weeks
of age.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/8/1338/s1,
Material S1: Data of RRI puppies.

Author Contributions: Conceptualization, A.A., M.J.E-d.P. and M.S.; methodology, A.A.; validation, A.A.,
M.J.E-d.P. and MS,; formal analysis, A.A.; investigation, A.A., M.JLE-d.P. and M.S; resources, A.A,;
writing—original draft preparation, A.A.; writing—review and editing, A.A., M.S. and M.].E-d.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Novellas, R.; Espada, Y.; De Gopegui, R.R. Doppler ultrasonographic estimation of renal and ocular resistive
and pulsatility indices in normal dogs and cats. Vet. Radiol. Ultrasound 2007, 48, 69-73. [CrossRef] [PubMed]

2. Samoni, S.; Nalesso, F; Meola, M.; Villa, G.; De Cal, M.; De Rosa, S.; Petrucci, I.; Brendolan, A.; Rosner, M.H.;
Ronco, C. Intra-parenchymal renal resistive index variation (IRRIV) describes renal functional reserve (RFR):
Pilot study in healthy volunteers. Front. Physiol. 2016, 7, 286-290. [CrossRef] [PubMed]

3.  Platt, J.E Duplex Doppler evaluation of native kidney dysfunction: Obstructive and nonobstructive disease.
Am. |. Roentgenol. 1992, 158, 1035-1042. [CrossRef] [PubMed]

4.  Tipisca, V.; Murino, C.; Cortese, L.; Mennonna, G.; Auletta, L.; Vulpe, V.; Meomartino, L. Resistive index for
kidney evaluation in normal and diseased cats. J. Feline Med. Surg. 2015, 18, 471-475. [CrossRef] [PubMed]

5. Bragato, N.; Borges, N.C.; Fioravanti, M. B-mode and Doppler ultrasound of chronic kidney disease in dogs
and cats. Vet. Res. Commun. 2017, 41, 307-315. [CrossRef] [PubMed]

6. Rivers, B.J.; Walter, P.A ; Polzin, D.J.; King, V.L. Duplex Doppler estimation of intrarenal pourcelot resistive
index in dogs and cats with renal disease. J. Vet. Intern. Med. 1997, 11, 250-260. [CrossRef] [PubMed]

7. Lin, G.-J.; Cher, T.-W. Renal vascular resistance in normal children a color Doppler study. Pediatr. Nephrol.
1997, 11, 182-185. [CrossRef] [PubMed]

8. Aydin, A.M.; Akarsu, S.; Ozdemir, H.; Yildirim, H.; Kalender, O. Renal resistive index in healthy children.
Eur. . Radiol. 2005, 53, 67-71. [CrossRef]

9.  Chang, YJ.; Chan, I.-P; Cheng, EP; Wang, W.S,; Liu, P.C.; Lin, S.-L. Relationship between age, plasma renin
activity, and renal resistive index in dogs. Vet. Radiol. Ultrasound 2010, 51, 335-337. [CrossRef] [PubMed]

10. Charan, J.; Biswas, T. How to calculate sample size for different study designs in medical research? Indian J.
Psychol. Med. 2013, 35, 121-126. [CrossRef] [PubMed]

11.  Ghabili, K.; Ansarin, K.; Shoja, M.M.; Bavil, A.S.; Khodadoust, H.T.; Tubbs, R.S.; Hajipour, B.; Parvizi, M.;
Khosroshahi, H.T. Are Doppler ultrasonography parameters symmetric between the right and left kidney?
Int. J. Gen. Med. 2010, 3, 371-373. [CrossRef] [PubMed]


http://www.mdpi.com/2076-2615/10/8/1338/s1
http://dx.doi.org/10.1111/j.1740-8261.2007.00206.x
http://www.ncbi.nlm.nih.gov/pubmed/17236363
http://dx.doi.org/10.3389/fphys.2016.00286
http://www.ncbi.nlm.nih.gov/pubmed/27458386
http://dx.doi.org/10.2214/ajr.158.5.1566663
http://www.ncbi.nlm.nih.gov/pubmed/1566663
http://dx.doi.org/10.1177/1098612X15587573
http://www.ncbi.nlm.nih.gov/pubmed/26012866
http://dx.doi.org/10.1007/s11259-017-9694-9
http://www.ncbi.nlm.nih.gov/pubmed/28634673
http://dx.doi.org/10.1111/j.1939-1676.1997.tb00099.x
http://www.ncbi.nlm.nih.gov/pubmed/9298481
http://dx.doi.org/10.1007/s004670050255
http://www.ncbi.nlm.nih.gov/pubmed/9090659
http://dx.doi.org/10.1016/j.ejrad.2004.05.005
http://dx.doi.org/10.1111/j.1740-8261.2010.01669.x
http://www.ncbi.nlm.nih.gov/pubmed/20469558
http://dx.doi.org/10.4103/0253-7176.116232
http://www.ncbi.nlm.nih.gov/pubmed/24049221
http://dx.doi.org/10.2147/IJGM.S14119
http://www.ncbi.nlm.nih.gov/pubmed/21189833

Animals 2020, 10, 1338 7of7

12.

13.

14.

15.

16.

17.

18.

19.

Azizi, F; Masouleh, M.N.; Rafie, S.M.; Asghari, A_; Bokaie, S. Effects of medetomidine on intra-renal arteries
resistive and pulsatility indices in clinically normal adult domestic shorthair cats. Vet. Res. Forum Int. Q. J.
2018, 9, 137-143.

Freccero, F,; Petrucelli, M.; Cipone, M.; Nocera, I.; Sgorbini, M. Doppler evaluation of renal resistivity index
in healthy conscious horses and donkeys. PLoS ONE 2020, 15, e0228741. [CrossRef] [PubMed]

A Jose, P; Logan, A.G.; Slotkoff, L.M.; Lilienfield, L.S.; Calcagno, P.L.; Eisner, G.M. Intrarenal blood flow
distribution in canine puppies. Pediatr. Res. 1971, 5, 335-344. [CrossRef] [PubMed]

Sigirci, A.; Hallag, T.; Akyncy, A.; Temel, I.; Giilcan, H.; Aslan, M.; Kocer, M.; Kahraman, B.; Alkan, A.;
Kutly, R.; et al. Renal interlobar artery parameters with duplex doppler sonography and correlations
with age, plasma renin, and aldosterone levels in healthy children. Am. . Roentgenol. 2006, 186, 828-832.
[CrossRef] [PubMed]

Ostrowska, J.; Kie Bowicz, Z.; Zaleska-Dorobisz, Z.; Atamaniuk, W.; Pietsch-Fulbiszewska, A.; Kinda, W.
Resistive index (RI) obtained in renal interlobar arteries of normal dogs and cats by means of Doppler
ultrasonography. Pak. Vet. ]. 2016, 36, 45-48.

Seely, ].C. A brief review of kidney development, maturation, developmental abnormalities, and drug
toxicity: Juvenile animal relevancy. J. Toxicol. Pathol. 2017, 30, 125-133. [CrossRef] [PubMed]

Zoetis, T.; Hurtt, M.E. Species comparison of anatomical and functional renal development. Birth Defects Res.
Part B Dev. Reprod. Toxicol. 2003, 68, 111-120. [CrossRef] [PubMed]

Eisenbrandt, D.L.; Phemister, R.D. Postnatal development of the canine kidney: Quantitative and qualitative
morphology. Am. |. Anat. 1979, 154, 179-193. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0228741
http://www.ncbi.nlm.nih.gov/pubmed/32027703
http://dx.doi.org/10.1203/00006450-197108000-00001
http://www.ncbi.nlm.nih.gov/pubmed/5146081
http://dx.doi.org/10.2214/AJR.04.1445
http://www.ncbi.nlm.nih.gov/pubmed/16498115
http://dx.doi.org/10.1293/tox.2017-0006
http://www.ncbi.nlm.nih.gov/pubmed/28458450
http://dx.doi.org/10.1002/bdrb.10013
http://www.ncbi.nlm.nih.gov/pubmed/12866702
http://dx.doi.org/10.1002/aja.1001540205
http://www.ncbi.nlm.nih.gov/pubmed/760491
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Ultrasonographic Evaluations 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

