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Abstract
Background: Comparative studies of kidney morphophysiology in nonhuman pri-
mates can help us investigate interspecies differences in growth and aging patterns.
Methods: We tested the effect of age and sex in renal morphophysiology in 21 
Alouatta caraya and 21 Sapajus apella (age range = 0.5–26 years) by ultrasound, red 
blood cell (RBC) count, and kidney function tests.
Results: A. caraya had greater growth rate and absolute renal volume than S. apella, 
but the latter showed a greater relative renal volume and RBC count. There was a 
negative relationship between RBC and age, a positive relationship between creati-
nine and body mass, and an apparent negative relationship between creatinine and 
age only in S. apella.
Conclusions: Our results indicate that A. caraya has a faster aging mechanism than 
S. apella, and the higher relative kidney volume in S. apella is suggestive of high meta-
bolic demands in this species.
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1  |  INTRODUC TION

Kidneys are important metabolic organs due to their function in 
excretion, filtration, water balance, blood pressure, and in the pro-
duction of erythropoietin (EPO) to stimulate red blood cell (RBC) 
production.1–3 When the kidneys are damaged, their function 
may be compromised, which could result in anemia, high blood 
pressure, or even renal failure,2,4 which can be fatal. Assessment 
of renal function is therefore essential in clinical settings as a 
screening tool and for monitoring disease progression in primate 
husbandry.

While renal function tests commonly include urea and creat-
inine, early detection of renal alterations are useful in preventing 
aggravation of the clinical condition. One potential indicator of 
renal alteration in humans is low renal volume,5,6 which can indi-
cate a reduction in the number of nephrons and predict risk of renal 
diseases.5,7 However, ultrasound data showed variations in renal 
biometric parameters with advancing age in humans and nonhu-
man primates (NHP), such as a progressive growth into adulthood, 
followed by size reduction in elder Aotus azarae infulatus8 and hu-
mans.6 To account for these differences, we must establish refer-
ence values for renal biometric parameters per age class for each 
species.

In addition to the clinical importance of monitoring renal func-
tion, comparative studies can help us understand species differences 
in aging mechanisms. The renal aging process is marked by the loss of 
nephrons and a reduction in the glomerular filtration rate, leading to 
a loss of functioning renal mass.9 In addition, macroscopic changes 
such as reduction in cortical volume, greater medullary volume, 
and the occurrence of cysts have been reported in elder humans.6,9 
Furthermore, age can influence renal function tests in NHP,8,10,11 
the responsiveness to EPO, and consequently, RBC count, which has 
been associated to increased rates of anemia in elderly patients.12,13 
However, whether these age-related changes correlate with changes 
in renal morphology remains to be investigated.

Nonhuman primates are excellent comparative models for study 
the aging process due to their phylogenetic similarities with humans, 
but also due to their great diversity in life-history traits. For example, 
the genus Alouatta (howler monkeys) and Sapajus (capuchin monkeys) 
are platyrrhine primates from the families Atelidae and Cebidae, re-
spectively. A. caraya weights about 5 kg for females and 7.8 kg for 
males,14 with a mean gestational period of 6 months, an inter-birth in-
terval of 15.8 months,15,16 and a longevity of approximately 26 years 
in captivity.17 S. apella are relatively smaller, weighing approximately 
3 kg for females and 4 kg for males,18,19 but have similar reproductive 
traits, with a mean gestational period of 5 and 20 months of interbirth 
interval.20–22 Despite the smaller body size and similar reproductive 
traits, S. apella has a longevity of up to 50 years in captivity,23 which 
is almost double that of A. caraya. Considering this remarkable dif-
ference in longevity, the comparative study of age-related changes 
in kidney morphology and their effect in renal function tests in NHP 
can help us understand evolutionary mechanisms of senescence.24

Previous studies have characterized kidney size in different 
age classes in NHP such as Callithrix jacchus,25 A. azarae infulatus,8 
Saimiri collinsi,26 and Macaca fascicularis.27 Although a few studies 
have described the renal ultrasonography in Alouatta fusca,28 and 
S. apella,29,30 these studies were limited to adults. The goal of this 
study was to evaluate the kidney by ultrasound in infant, juvenile, 
and adults A. caraya and S. apella to (1) describe age-related changes 
in renal ultrasonographic appearance, (2) establish the renal bio-
metric parameters per age group, (3) compare species differences 
in renal volume and kidney growth, and (4) to test potential correla-
tions between renal volume and age, renal function tests (urea and 
creatinine) and RBC.

2  |  METHODS

2.1  |  Humane care guidelines

The experimental project followed the guidelines of the Brazilian 
Council for the Control of Animal Experimentation—Ministry of 
Science and Technology (CONCEA-MCT, Brazil), and was approved 
by the Ethics Committee for the Use of Animals (CEUA no. 43/2019 
and 24/2021) of the Institute Evandro Chagas (IEC), Ananindeua, 
Pará, Brazil and by the Biodiversity Authorization and Information 
System of the Chico Mendes Institute of Biodiversity (Sisbio/
ICMBio, protocol 38 529-9).

2.2  |  Subjects

The animals belonged to the breeding colony of the National Primate 
Center (Centro Nacional de Primatas—CENP, Ananindeua, Pará, 
Brazil, 1°38′26″, 48°38′22″). We identified each animal using a 
three-letter code tattooed on the right thigh and a microchip placed 
in the interscapular area.

The subjects were 21 A. caraya (12 females and nine males), 
with a mean ± SD body mass of 5.13 ± 3.4 kg (0.9–14.1 kg) and 21 
S. apella (11 females and 10 males), with a mean ± SD body mass of 
2.12 ± 0.79 kg (0.9–3.95 kg). We classified the animals in three age 
groups, according to the literature available for each species. For 
A. caraya, there were three infants (<1  year; 6.6 ± 0.58 months), 
10 juveniles (1.5–4 years; 2.6 ± 0.74), and eight adults (6–26 years, 
12.5 ± 6), based on the classification proposed by Rímoli.31 For 
S.  apella, there were four infants (<2 years; 11 ± 4.12 months), 
10 juveniles (2–4 years; 2.7 ± 0.95), and seven adults (5–21 years, 
16.85 ± 6), based on the classification proposed by Fragaszy 
et al.23

All primate colonies at CENP are submitted to annual health 
screenings, which include physical examination, hemogram, and 
biochemical tests, in addition to deworming treatment. None of the 
animals used in this study had a history of infectious diseases as per 
their last health screening (2 months before data collection).



    |  3da SILVA et al.

2.3  |  Husbandry

All individuals lived in family groups of up to 10 individuals. They were 
kept in sheds and positioned in a north–south orientation to receive 
≤12 h of natural light, in enclosures measuring 3.75 m × 2.2 m × 2.4 m 
(A. caraya), and 3.85 m × 2.6 m × 2.5 m (S. apella). The enclosures had 
external and internal water bottles and multiple bowls for food pro-
visioning. The animals were fed according to CENP's standard man-
agement practices. Their diet contained different types of fruits and 
vegetables, eggs, and commercial primate food with 18% crude protein 
(Cebidae P18 Megazoo, portion Megazoo, Betim, Minas Gerais, Brazil). 
We also provided daily supplements of amino acids, vitamins, macro 
and micro minerals, and 0.5 g of Aminomix Pet® (Vetnil Ind. Veterinary 
Products Ltda.) per kg of body mass. Water was offered ad libitum.

2.4  |  Capture and sample collection

Following an 8 h fasting period, the animals were contained physically 
with the aid of nets and chemically by intramuscular administration 
of a combination of ketamine hydrochloride (5 mg/kg), dexmedetomi-
dine (0.01 mg/kg), and midazolam (0.2 mg/kg). With the animal con-
tained, we collected between 0.5 and 3 ml of blood from the femoral 
vein with sterile syringes and needles (14–21 G, depending on the 
species and age of the animal). Blood samples were equally divided in 
two and transferred to two tubes: one containing ethylenediamine-
tetraacetic acid (EDTA) for the hemogram procedure and one without 
anticoagulants for clinical chemistry (see below).

After blood collection, a trained veterinarian conducted a clinical 
evaluation in each animal by inspection, auscultation, palpation, and 
percussion.

2.5  |  Ultrasound exams

To prepare the animals for the ultrasound exams, we shaved the 
hair in their abdominal region to avoid hair-product artifacts and ap-
plied an acoustic transmission gel (Carbogelt, São Paulo, São Paulo, 
04143-010, Brazil) to the shaven area to enhance ultrasonographic 
images. The exams were performed with an ultrasound system 
(Esaote® model Mylab Gamma), equipped with a linear and mul-
tifrequency electronic probe transducer of 4–13 MHz, in mode B. 
The animals were placed in three distinct positions (supine, right, 
or left lateral) to examine the entire abdominal region outlined by 
three limits: the last pair of ribs and the xiphoid cartilage (cranial 
limit), the transverse process of lumbar vertebrae (lateral limit), and 
the inguinal region (caudal limit).29 First, to exclude the possible 
presence of other diseases that could affect laboratorial exams, we 
examined the liver and adrenal gland for potential alterations (e.g., 
cysts, gallstones, steatosis). In sequence, we evaluated the shape, 
echotexture, and size of both kidneys following the protocol previ-
ously reported in A. azarae infulatus8 and S. collinsi.26 Renal length (L) 
and height (H) were measured using sagittal scans, and renal width 

(W) was measured at the hilus using transverse scans (Figure  1). 
Renal volume was calculated (cm3) by approximating the spheroidal 
geometric model from the 3 linear measurements (L × H × W × π/6, 
where π is 3.1416) for each kidney. To determine the relative renal 
volume per individual, we calculated the mean renal volume from 
the left and right measurements, then divided the value obtained 
by the body mass. The growth rate was calculated per species for 
all biometric parameters (length, height, width, absolute volume). 
First, we calculated the mean values of each parameter for infant 
and adult classes. We then subtracted the infant means from the 
adult means and divided this value by the infant means. The results 
were expressed in percentage.

2.6  |  Laboratory tests

Hemograms were performed with an MS4 + blood analyzer (Melet 
Schloesing GmbH Central & Eastern Europe company, Sudstadtzentrum 
1, Top 8, 2346 Maria Enzersdorf-Su¨dstadt, Austria) to determine Red 
Blood Cell (RBC) count, Hemoglobin (Hb), Hematocrit (Hct), Mean 
Corpuscular Hemoglobin (MCH), Mean Corpuscular Volume (MCV), 
Mean Corpuscular Hemoglobin Concentration (MCHC), White Blood 
Cell (WBC) count, and platelets. The clinical chemistry tests were 
performed on Sistema Vitros DTSC II, DT60 and DTE2 (Johnson & 
Johnson Medical Argentina), to determine urea and creatinine. For 
statistical analyses, we used only urea, creatinine, and RBC. The other 
parameters were used to exclude any potential illness (infection, ane-
mia) that could be associated with kidney alterations.

2.7  |  Statistical analysis

All statistical tests were performed in R software (3.3.0). The means 
obtained from the right and left kidneys were compared by Student's 
t test. General Linear Models (GLM) were used to test the effects 
of age, sex, and species, on biometric and blood parameters. First, 
the possibility of multicollinearity was excluded by calculating the 
Variance Inflation Factor (VIF) with the “car” package. Since all fac-
tors had VIF < 2, none were considered problematic in the model. To 
assess the equality of variances of categorical fixed factors (sex and 
species), we used Levene's test.32 All values are expressed as the 
mean ± standard deviation. Differences with a P value of ≤.05 or less 
were considered significant.

Five models were built to the following variables (response fac-
tors): absolute kidney volume, relative kidney volume, RBC, creat-
inine, and urea. For the biometric parameters, we initially included 
age, body mass, species, sex, and interactions as fixed factors. As for 
blood parameters, age, body mass, species, sex, and relative renal 
volume were initially included as fixed factors. Following Burnham 
and Anderson,33 we sequentially removed fixed factors to select the 
model with the lowest Akaike Information Criterion with correction 
for small sample sizes (AICc). If the AICc difference between two 
models (∆AICc) was less than 2, both models were discussed.
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3  |  RESULTS

3.1  |  Ultrasound exams

None of the animals had alterations in kidney topography. The right 
kidney was more cranial than the left, and both kidneys were charac-
terized by a homogeneous cortical echotexture with preserved cor-
ticomedullary differentiation, and a cortex/medulla thickness ratio 
of approximately 2:1. In both species, the medulla was more evident 
due to a lower echogenicity in infants. We observed an increase in 
the thickness and echogenicity of the cortical region with advancing 
age, which was more evident in adult A. caraya (Figure 2).

3.2  |  Kidney biometrics

The biometric parameters of the right and left kidneys for each spe-
cies are summarized per age group in Table 1. There were no sig-
nificant differences between the measurements of the right and left 
kidneys for neither A. caraya length, t(39) = 0.003, P =  .99, width, 

t(39) = 0.33, P  =  .73, height, t(39) = 1.25, P  =  .21, volume, t(39) 
= 0.68, P = .49, cortex/medulla, t(39) = 1.25, P = .21, nor for S. apella 
length, t(41) = 0.21, P = .83, width, t(41) = 0.52, P = .60, height, t(41) 
= 1.08, P = .28, volume (U = 192, P = .48), and cortex/medulla, t(39) 
= 1.09, P = .27.

The mean growth from infant to adult classes was more pro-
nounced in A. caraya than in S. apella for all biometric parame-
ters: length =  54.53% and 37.01%; height =  47.64% and 43.03%; 
width = 55.43% and 22.12%; and volume = 264.52% and 147.26%, 
respectively.

3.3  |  Absolute renal volume

The best model that tested absolute kidney volume as a response 
factor revealed significant effects of species, sex, and age. S. apella 
had a lower mean renal volume (GLM: −0.02 ± 0.006, t  =  −3.52, 
P < .001) than A. caraya (Figure  2A), and the mean renal volume 
was greater in males (GLM: 0.01 ± 0.006, t = 2.35, P =  .02) than in 
females (Figure 2B). Moreover, we observed a significant, positive 

F I G U R E  1  Ultrasonographic images demonstrating sagittal and transverse sections for measuring length (L) and height (H) were 
measured using sagittal scans, and renal width (W) Cortex (ct) and Medullary Pyramid (m) by age group [infant (A and D), juvenile (B and 
E), and adult (C and F)] in Alouatta caraya and Sapajus apella, respectively. Note increased thickness and echogenicity of the cortical region, 
more evident in adult animals of A. caraya

(A)

(B)

(C)

(D)

(E)

(F)
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relationship between volume and age (GLM: 0.001 ± 0.0004, t = 3.90, 
P = .0004), controlling for species and sex (Figure 2C).

3.4  |  Relative kidney volume

We built a second model using the relative kidney volume as re-
sponse factor, initially testing the same fixed factors as in the previ-
ous model. The best model revealed a significant effect of species, 
with a higher relative volume in S. apella (GLM: 0.32 ± 0.048, t = 6.74, 
P < .001) than in A. caraya (Figure 3). There was no effect of age and 
sex in none of the models, so these factors were excluded from the 
final model.

3.5  |  Red blood cells, creatinine, and urea

Finally, we built three additional models to investigate the effect 
of RBC, creatinine, and urea on sex, age, species, and renal rela-
tive volume. For the model including RBC as a response factor, we 
observed a significant negative effect of age (GLM: −0.03 ± 0.01, 
t = −2.3, P = .03) (Figure 4A). We were unable to test the effect of 
sex due to heteroscedasticity (F1,38 = 6.07, P =  .02), but we found 
a strong effect of species (GLM: 1.15 ± 0.24, t =  4.77, P < .0001), 
with higher RBC in S. apella (5.60 ± 0.49 × 106/mm3) than in A. caraya 
(4.37 ± 0.58 × 106/mm3) (Figure 4B).

When testing creatinine as a response factor, the best model 
showed a significant, positive correlation with body mass (GLM: 
0.04 ± 0.01, Z = 2.60, P =  .01; Figure 5A). We also observed an in-
teraction between species and age, with a steeper negative relation-
ship between creatinine and age only in S. apella (GLM: −0.03 ± 0.01, 
Z = −3.33, P = .002; Figure 5B). The models for urea as a predictor 
did not differ from the null model, indicating no effect of body mass, 
species, sex, or age on urea levels. Mean relative renal volume did 
not influence any of the blood parameters.

4  |  DISCUSSION

The ultrasound appearance of the kidneys in both species was simi-
lar to that described previously in other Platyrrhines, including A. 
fusca,28 S. apella,29,30 A. azarae infulatus10 and S. collinsi,26 in which 
both kidneys had an elliptical shape, echogenicity and homogene-
ous cortical echotexture with preserved corticomedullary differen-
tiation. One study in C. jacchus, reported a poor corticomedullary 
distinction in the kidneys,25 which could have been due to the small 
size of these primates. Other studies reported a triangular shape 
when evaluating the left kidney in Saguinus ursulus34 and in some M. 
fascicularis individuals.35 This emphasizes the importance of charac-
terizing the kidney anatomy for each species.

We found no differences between the right and left kidneys for 
all biometric parameters, which is similar to previous studies in S. 
apella29,30 and Macaca mulatta,7 but contrasts with studies in other 
species. For instance, studies in the platyrrhine primates A. azarae 
infulatus8 and in C. jacchus25 reported that the left kidney had a 
greater height and length than the right kidney. Other studies in the 
catarrhines M. fascicularis35,36 and Chlorocebus sabaeus,37 as well 
as in the platyrrhine S. collinsi,26 reported the opposite trend, with 
a greater volume or length in the right kidney when compared to 
the left. The inconsistency in the literature may be associated with 
methodological differences, but it may be related to interspecies 
differences, with no clear trend between platyrrhine and catarrhine 
species.

The higher growth rate of biometric parameters observed in A. 
caraya in relation to S. apella may be associated with the fact that 
the former reaches a higher body mass than the latter, with ap-
proximately 5–7.8 kg in adult A. caraya14 and 3–4 kg in S. apella.18,19 
Although we did not find an effect of body mass on renal biometry, 

F I G U R E  2  Effect of species (A), sex (F—Female; M—Male) (B), 
and age (C) on the absolute renal volume in Alouatta caraya (N = 21) 
and Sapajus apella (N = 21), housed at the National Primate Center, 
district of Ananindeua, Pará, Brazil, January 2020. *P < .05, **P < .01
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we found a greater absolute kidney volume in A. caraya than S. apella 
and in adult males in both species. Previous studies have reported 
a positive correlation between body mass and renal biometric vari-
ables in A. azarae infulatus,8 S. collinsi26 and M. mulatta.7 In addition, 
renal volume in M. fascicularis was positively correlated with body 
mass,35,36 and in humans the renal length was positively correlated 
with body mass and body mass index.38 The lack of significance be-
tween body mass and absolute renal volume in this study was prob-
ably related to our multi-factorial analyses, and shows that species, 
sex, and age were better predictors of kidney volume than body 
mass.

The effect of sex in the literature is also mixed. One study in 
adult and elder humans (18–80 years old) found no sex differences 
in renal length or cortical thickness.38 A post-mortem study in M. 
fascicularis showed that the absolute kidney mass was greater in 
older than in young animals of the same sex, but this effect was 
more pronounced in males.27 In S. collinsi, the total kidney volume 
had an interaction between body mass and sex, being greater in 
heavier males.26 In A. azarae infulatus, no differences in biometrics 
parameters were observed between males and females.8 These 
interspecies differences are likely associated with the role of sex-
ual dimorphism in the evolution of primate societies. A. a. infulatus 
are monogamous and characterized by little or no sexual dimor-
phism, given that males do not need to compete for accessing 
females,39 and no sex differences are expected in absolute renal 
volume. In contrast, sexual dimorphism is present in S. collinsi and 
M. fascicularis,39 as well as in both species examined in this study.40 
Consequently, males in these species have larger body mass than 
females, which reflects their multi-male/multi-female social sys-
tem.39,41 Thus, sex differences in morphophysiology appears to be TA
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F I G U R E  3  Relative renal volume in Alouatta caraya and 
Sapajus apella, housed at the National Primate Center, district of 
Ananindeua, Pará, Brazil, January 2020. ***P < .001
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a characteristic of polygamous primate society, including what was 
observed for absolute renal volume.

The cortex/medulla ratio in both species was approximately 2:1 
for all age groups. A similar result was described in another study 
in S. apella,29 but it differs from the renal pattern previously de-
scribed by ultrasound and postmortem evaluation in A. fusca (1:1).28 
In the catarrhine M. fascicularis, one study with histological and 
postmortem evaluations reported the cortex/medulla ratio as ap-
proximately 1:1 and associated this finding to the smaller size of the 
renal papilla in this species, which makes the medulla slightly larger 
than the cortex,27 but a recent study using ultrasound in the same 
species reported a smaller cortex/medulla ratio (1:4).35 Postmortem 
evaluation is considered a more accurate method to evaluate the 

cortex/medulla ratio than ultrasound, thus the inconsistency in 
the literature may be related to specie-specific or methodological 
differences. Comparative studies using postmortem evaluation are 
needed to clarify if there are species differences in the cortex ratio 
within primates.

With regard to changes in echogenicity, our ultrasound images 
revealed an age-related increase in the echogenicity of the cor-
tical region compared to the medullar area in both species. The 
anechoic aspect of the renal medulla in young animals has been 
reported in humans and animals42,43 and has been associated with 
the larger volume of medulla in the infants and the presence of 
dilute urine in the tubule.42 Although echogenicity was quantified 
subjectively in this study, the age-related increase in echogenicity 

F I G U R E  4  Effect of age (A) and species (B) on red blood cell 
count in howler monkey (Alouatta caraya) and capuchin monkey 
(Sapajus apella), housed at the National Primate Center, district of 
Ananindeua, Pará, Brazil, January 2020. ***P < .001

F I G U R E  5  Effect of body mass (A) and the interaction between 
species and age (B) on creatinine values in Alouatta caraya and 
Sapajus apella, housed at the National Primate Center, district of 
Ananindeua, Pará, Brazil, January 2020
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was more evident in Alouatta caraya, which is visible by the lower 
degree of corticomedullary contrast in adults. One possible mech-
anism related to these changes may be a decline in prominence of 
medullary pyramids with age,42 but additional studies are needed 
to elucidate this mechanism. Nonetheless, this finding suggests 
that the aging process in A. caraya is faster than in S. apella and 
may be one of the reasons by which the latter species have a 
remarkable longevity than expected for its body size. Similarly, 
corticomedullary contrast did not change with age in humans,44 
which supports this hypothesis. However, our study is limited by 
the lack of a quantitative echoic index to accurately assess renal 
echogenicity, that could detect renal changes.45 Further compar-
ative studies including other species with different life-history 
traits would be extremely relevant to confirm this hypothesis.

Although the absolute renal volume was greater in A.caraya as 
expected, the relative renal volume was greater in S. apella. This 
indicates that the latter has a larger kidney for their expected body 
mass, and it may explain the lack of correlation between absolute 
kidney volume and body mass in our study. Within the Primates 
order, the genus Sapajus has the second highest encephalization 
quotient (brain/body mass ratio), lower only than in humans.46 
This particularity of Sapajus indicates that these animals, like hu-
mans, undergo rapid neurological changes during the first years of 
life.47 Consequently, some hypotheses have linked this trait with 
high cognitive abilities demonstrated by this genus.47,48 In con-
trast, the genus Alouatta has a relatively small brain size compared 
to Sapajus.49 The brain size differences have been associated with 
social factors such as group size as a potential factor that demands 
high cognition,50,51 or with diet, proposed by Parker and Gibson52 
and Milton53 in the “Ecological-Intelligence Hypothesis” that frugiv-
orous primates, such as the Sapajus genus, evolved larger brains due 
to their higher energetic intake when compared to folivorous pri-
mates, such as the genus Alouatta.49,54 Our data show that the brain 
is not the only organ larger than expected in Sapajus, and it suggests 
that this genus might have undergone dwarfism, with a reduction in 
the body size while maintaining important metabolic organs unal-
tered. Another hypothesis is that kidney enlargement in this genus 
co-evolved with their high encephalization quotient, given that a 
larger brain might increase oxygen demands.55,56 Kidneys are im-
portant sources of RBC, which are necessary for oxygen transpor-
tation in the body.2 Since the brain tissue is metabolically expensive 
to grow and to maintain,55 a larger kidney may have evolved to at-
tend those demands.

This hypothesis is supported by the species differences in RBC 
count in the present work and in a previous study in wild popula-
tions57 that showed higher RBC count in Sapajus lidibinosus compared 
to A. caraya. Although we were unable to compare RBC count be-
tween sexes due to heteroscedacity, previous studies have reported a 
greater RBC count in males than females in innumerous primate spe-
cies, including S. apella,58 S. lidibinosus,59 Alouatta guariba clamitans,60 
A. azarae infulatus10 and S. collinsi.11 These sex differences have been 
associated with the stimulatory effect of testosterone on erythropoi-
esis, and the inhibitory effect of estrogen.61–63

We also observed an aging effect on RBC count in both species, 
suggesting a decline in hematopoiesis in older individuals. Similar re-
sults have been reported in Sapajus libidinosus59 but contrasts with 
another study in S. apella in which adult males had a higher RBC 
count than adult females and juvenile males.58 This contrast may 
be related to differences in the age ranges of the subjects studied. 
Testosterone may have a strong effect in erythropoiesis in younger 
than older males. Age-related changes in the hematopoietic system 
have been characterized by intrinsic changes in erythroid progenitor 
cells, in the cell hematopoietic microenvironment and by humoral 
changes, such as individual response to erythropoietin, testoster-
one, growth hormone, and inflammation.64

Relative renal volume did not correlate with any of the laboratory 
tests, probably because these parameters accuse changes only after 
the kidney function is compromised.9,65 Similarly, in humans, despite 
a significant decline in creatinine clearance with aging, a correspond-
ing reduction in renal length was not observed.38 Alternatively, kid-
ney tests may be related to the number of nephrons instead of the 
renal volume. In humans and NHP, nephrogenesis occurs prenatally, 
and the kidney development after birth is limited to the differen-
tiation of the nephrons already present.3,66,67 Therefore, our data 
showed that kidney function tests do not correlate with renal vol-
ume, but whether a reduction in renal volume precedes nephropa-
thologies remains to be investigated.

We found that creatinine had a significant, positive increase with 
body mass, and an interaction between species and age, indicating 
an apparent negative relationship with age in S. apella, but not in 
Alouatta caraya. The effect of body mass was similar to a previous 
report in S. collinsi26 and is associated with the fact that creatinine is 
produced in the muscles.68 However, the effect of age found in our 
study contrasts with those found in the other study with S. apella68 
and other primates, including M. fascicularis69 and A. azarae infula-
tus10 in which serum creatinine was higher in adult animals and in 
males. This contrast could be related to species differences in cre-
atinine clearance rates. In humans, an increase in creatinine levels 
in elderly patients has been associated with a decline in clearance 
rates,38 but further studies are needed to investigate species dif-
ferences in creatinine clearance rates. Alternatively, the interaction 
found between these species could be related to the age ranges of 
our subjects. Primates of the genus Sapajus can live up to 50 years 
in captivity, but their mean lifespan in the wild is of approximately 
25 years.70 Therefore, S. apella over 25 years old may experience a 
decline in muscle mass that could contribute to their reduced survival 
chances in the wild. Our sample size included four S. apella and only 
one A. caraya over 20 years-old, which may explain the interaction 
observed in our findings. Further data on muscle mass in these ani-
mals is needed to confirm this hypothesis.

We found no effect of species, sex, age, or body mass on urea 
concentrations. The literature on this marker in NHP is mixed. In S. 
collinsi, there was no influence of sex, age, or body mass on urea 
concentrations.26 In contrast, another study in the same species 
found higher urea concentrations in females than in males.11 In M. 
fascicularis, one study showed age-related differences, with lower 
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concentrations in adults, but no sex differences.27 In A. azarae infula-
tus, urea was significantly higher in males, but unrelated to age.10 In 
addition to intrinsic factors, extrinsic factors such as diet, or kidney 
diseases can influence urea concentrations,71 which may explain the 
discrepancies reported in the literature.

In general, the two species evaluated showed an increase in 
all renal biometric parameters with age. A. caraya showed greater 
growth rate when compared to S. apella and greater absolute 
renal volume. However, S. apella had greater relative renal vol-
ume, which could indicate higher RBC demands, as supported by 
the higher RBC production in this species. RBC and creatinine 
values were also influenced by age and body mass, respectively, 
and urea was not correlated with age, sex, or body mass in ei-
ther species. The results described are useful for kidney assess-
ment by ultrasonographic evaluation in different age groups in 
the two species. They can help us to understand the postnatal 
renal growth pattern in two neotropical primates and provide 
evolutionary insights on aging processes and metabolism among 
neotropical primates.
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