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Amyloidosis is a pathologic condition that occurs spontaneous-
ly in humans, mammals, birds, and reptiles.47 Secondary systemic 
amyloidosis, also referred to as reactive amyloidosis, is the most 
common form described in domestic animals.46 It is a progres-
sive disease in which an insoluble fibrillar protein consisting of β 
pleated sheets, amyloid, is deposited inappropriately in multiple 
organs, eventually leading to dysfunction.40,46 Secondary amyloi-
dosis is most often the result of chronic infections or inflammato-
ry disease. In humans, it occurs with a wide variety of conditions 
including inflammatory bowel disease,3 osteoarthritis including 
rheumatoid and juvenile forms,20,25 chronic infections such as tu-
berculosis, and hereditary disease such as familial Mediterranean 
fever.43 Similarly, in nonhuman primates, the disease has been 
described with several conditions of chronic infection or inflam-
mation including bacterial enterocolitis,4,19,30,37 chronic indwell-
ing catheters,9 parasitism,2,4 respiratory disease,30,37 trauma,37 and 
rheumatoid arthritis.6

Despite reported prevalences as high as 30% in rhesus (Macaca 
mulatta)4 and 47% in pig-tailed macaques (Macaca nemestrina),19 

amyloidosis remains a challenge to diagnose. The current diag-
nostic ‘gold standard’ in macaques is histopathology of the affect-
ed organ;19 however, amyloid can be deposited in tissues for as 
long as 3 y before the development of clinical signs.16 Histologic 
diagnoses of amyloidosis typically are confirmed with Congo red 
staining, in which amyloid proteins appear apple-green and bire-
fringent under polarized light. In addition, electron microscopy 
can detect the fibrillar amyloid proteins in tissues, and other his-
tologic stains including methyl violet, sulphonated Alcian blue, 
and thioflavin S and T can be used but are less specific than is 
Congo red.33 Although changes in clinical pathology parameters 
such as decreases in serum albumin and total protein have been 
associated with amyloidosis,19,29 they are often nonspecific and re-
semble those seen in the frequently comorbid conditions chronic 
anorexia and chronic, idiopathic enterocolitis. Furthermore, im-
aging techniques such as abdominal X-ray and ultrasonography 
have been shown to be nondiagnostic in macaques with amyloi-
dosis.19 Consequently, at our institution and in other macaque 
colonies, diagnosis of amyloidosis is often made at necropsy.

The current standard of diagnosis in humans is biopsy with 
histopathology of affected organs, but unlike in nonhuman pri-
mates, minimally invasive tissue sampling has been extensively 
explored.17 Aspiration or biopsy of the subcutaneous abdominal 
fat pad has currently replaced many biopsy techniques as the 
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amyloid proteins in biopsies of affected tissues.21,23,31,32,36 Accurate 
antemortem diagnosis of amyloidosis in macaques potentially 
would support further investigations into the novel application 
of these drugs for the treatment of amyloidosis in both human 
and macaque patients.

We hypothesize that SAA, in addition to being a useful screen-
ing method for identifying animals with amyloidosis, can be used 
to distinguish between macaques with this disease and those with 
chronic, idiopathic enterocolitis. We further hypothesize that, in 
agreement with retrospective studies from macaques at other in-
stitutions, the intestines and liver will be commonly affected in 
amyloidotic macaques in our own colonies and that minimally 
invasive biopsy of these tissues can provide definitive, antemor-
tem diagnosis of amyloidosis.

Materials and Methods
Animals. All macaques were housed in large indoor–outdoor 

enclosures at the Johns Hopkins University Research Farm. 
Animals at this facility are socially housed in matriarchal ha-
rem breeding groups of varying age, sex, and number composi-
tions. Pig-tailed and rhesus macaques are housed separately. In 
some cases for which more extensive veterinary care is required, 
animals are brought to the Johns Hopkins School of Medicine 
campus and singly housed for evaluation and treatment. All ma-
caques are provided ad libitum water and a standard commercial 
diet (rhesus macaques: 2050, Harlan Teklad, Madison, WI; pig-
tailed macaques: Purina LabDiet 5038, PMI, St Louis, MO) sup-
plemented with fresh fruits, vegetables, and forage daily. Animals 
are screened annually and are negative for SIV, simian retrovirus, 
simian T-cell leukemia virus, and herpesvirus B. Necropsy with 
tissue and serum banking are standard procedures immediately 
after any macaque death at the Johns Hopkins Research Farm. 
For the current study, all necropsy reports from January 2002 to 
January 2012 for rhesus (n = 79) and pig-tailed (n = 71) macaques 
older than 1 y were reviewed. All cases of amyloidosis identified 
in this review; 12 rhesus (n = 11 female, n = 1 male) and 18 pig-
tailed (n = 14 female, n = 4 male) were included for description 
and comparison in the ‘necropsy review’ section of this study. 
SAA analysis was conducted on banked serum from macaques 
diagnosed at necropsy during this 10-y period with either amy-
loidosis or chronic, idiopathic enterocolitis without amyloidosis. 
Banked frozen serum was available and analyzed for 21 cases of 
macaques with amyloidosis in one or more organs (female rhesus, 
n = 7; female pig-tailed, n = 10; male pig-tailed, n = 4) and for 16 
cases of macaques with chronic, idiopathic enterocolitis and no 
evidence of amyloidosis (female rhesus, n = 8; female pig-tailed, 
n = 7; male pig-tailed, n = 1). Frozen banked serum from clinically 
healthy adult macaques in our colony with no history of ongo-
ing or chronic disease and with normal hematologic and serum 
chemical profiles were included for SAA analysis as healthy con-
trols (female rhesus , n = 16; male rhesus, n = 3; female pig-tailed, 
n = 5; male pig-tailed, n = 5).

For the evaluation of minimally invasive tissue biopsy tech-
niques, biopsies were conducted on live macaques from the Johns 
Hopkins University Research Farm that presented over a period 
of approximately 1 y with clinical syndromes suggestive of am-
yloidosis or chronic, idiopathic enterocolitis. Animals were in-
cluded when they presented with poor body condition, a history 
of recurrent diarrhea, negative fecal culture, negative fecal float, 
and no other specific hematologic or serum chemical findings. 

preliminary diagnostic, with reported sensitivities ranging from 
66% to 92%.5,24,28,39,44 Rectal biopsy was previously the preferred 
minimally invasive approach and is now often used adjunctively 
when subcutaneous abdominal fat is negative for amyloid but 
the clinical suspicion for amyloidosis remains high.5,17 Additional 
tissue biopsy sites with limited morbidity such as skin, gingiva, 
and stomach have been reported with lesser sensitivities.5,34,39,44 
In contrast, limited information is published on the usefulness of 
minimally invasive biopsy techniques for diagnosing amyloidosis 
in macaques. One report found endoscopic biopsy of the stomach 
and colon to be of limited utility in diagnosing amyloidosis in a 
colony of pig-tailed macaques.19 Similarly, a single publication 
reported colonoscopy to be noninformative and labor-intensive in 
a colony of rhesus macaques.15 Retrospective studies of macaque 
colonies have shown a predilection for amyloid deposition in the 
intestines and liver,4,30,38 suggesting that endoscopic or percutane-
ous biopsy of these tissues may reliably provide definitive ante-
mortem diagnosis for amyloidosis.

In addition to biopsy, identification of the relevant amyloid 
precursor protein within the blood is an integral part of the diag-
nosis of amyloidosis in human patients17 and holds promise as a 
screening tool in macaque colonies because of its high throughput 
potential in comparison to biopsy. Serum amyloid A (SAA), an 
acute-phase protein, can be found circulating in the blood and is 
the precursor for amyloid formation and deposition in secondary 
systemic amyloidosis. Specifically, when elevated SAA persists in 
the bloodstream, it ultimately progresses to amyloid deposition in 
tissues.13,45 Profound elevations in SAA occur in the bloodstream 
as a result of acute inflammation, but these elevations are transient 
as SAA then is rapidly degraded and removed from the peripher-
al circulation.7,45 Although the exact role of chronic inflammation 
and SAA in the pathogenesis of secondary, systemic amyloido-
sis is not well understood, SAA is pathologically persistently 
elevated in human patients with chronic inflammatory disease 
that develop secondary systemic amyloidosis. In contrast, serum 
SAA remains at normal lower levels in human patients without 
amyloidosis but ongoing chronic inflammatory disease.13,14,26 Fur-
thermore, quantification of SAA is more effective than are organ 
function tests as a prognostic measure of amyloid disease and is 
routinely used to monitor disease progression and response to 
treatment in humans.14 In rhesus and pig-tailed macaques, SAA 
is elevated in subjects with amyloidosis as compared with those 
that are clinically normal.8,19 The ability to distinguish between 
healthy animals and those with subclinical amyloidosis would 
be clinically useful. Human studies indicate that establishing a 
diagnosis of secondary amyloidosis in its early stages followed 
by prompt treatment of the inciting chronic inflammatory process 
can arrest the progression of amyloidosis and can even result in 
disease remission in some cases.21,23,31,32,36 Of equal interest would 
be the ability to distinguish amyloidosis from chronic, idiopathic 
enterocolitis, a common disease among macaque colonies12,35 that 
has considerable clinical overlap with the late stages of amyloi-
dosis but different therapeutic options and prognosis than does 
systemic amyloidosis. Although there is no definitive treatment 
for amyloidosis in humans or macaques, recent human case re-
ports suggest that antiinflammatory therapy with newer targeted 
monocolonal antibody medications, such as IL6 receptor antago-
nists, can successfully reverse the disease. This outcome has been 
demonstrated in several cases by both the reduction of circulat-
ing SAA to normal levels and by the histologic disappearance of 
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was attempted only when easy access and clinical safety could 
be assured.

Necropsy and histopathology. Tissues from biopsies and necrop-
sies were placed in 10% neutral buffered formalin, embedded in 
paraffin, cut, and stained with hematoxylin and eosin according 
to standard tissue processing techniques. Light microscopy was 
used to evaluate tissues. Sections with a histologic appearance 
suggestive of amyloid deposition were stained with Congo Red 
to confirm the presence of amyloid, as needed for diagnosis.46 
Histopathology was reviewed by board-certified pathologists in 
the Department of Molecular and Comparative Pathobiology at 
Johns Hopkins. Necropsy reports for macaques diagnosed with 
amyloidosis over the last 10 y were evaluated to determine the 
prevalence of amyloidosis in our colonies and the prevalence of 
affected organs in individual macaques.

SAA ELISA. SAA analysis was conducted on frozen banked se-
rum from adult macaques with a necropsy diagnosis of amyloi-
dosis or chronic, idiopathic enterocolitis. SAA analysis was not 
available for macaques that underwent minimally invasive tissue 
biopsy. Serum Amyloid A Multispecies ELISA kits (Invitrogen, 
Carlsbad, CA) used with frozen (−20 °C) serum samples that were 
diluted 1:2000 with PBS, as recommended by the manufacturer.

Statistical analysis. All results were evaluated by using a com-
mercial statistical software package (Prism, GraphPad Software, 
San Diego, CA). A P value less than 0.05 was considered sig-
nificant. The SAA values compiled from all macaques failed a 
D’Agostino–Pearson test for normality, so subsequent analysis of 
SAA levels was performed by using nonparametric tests. To com-
pare SAA levels among different disease categories, macaques 
were grouped according to disease status and analyzed by using 
a Kruskal–Wallis test, with Dunn multiple-comparison posttests 
where indicated. Spearman r analysis was used to test for correla-
tion between SAA levels and number of affected tissues. The rela-
tionship between organ distribution and SAA levels was made by 
sorting subjects into 2 groups for each organ according to whether 
that organ was affected or not on necropsy and then comparing 
SAA levels between these groups by using a Mann–Whitney test. 
χ2 analysis and Fisher exact tests were used to determine the sen-
sitivity and specificity of SAA values in determining disease sta-
tus and to compare the organ distributions of amyloid in rhesus 
compared with pig-tailed macaques and male compared with 
female macaques. For determining the sensitivity and specificity 
of SAA values in detecting disease, a cut-off value was chosen 
that was based on a combination of published normal ranges and 
manual evaluation of our data set.8,14

Results
Necropsy review. A total of 79 rhesus and 71 pig-tailed ma-

caques older than 1 y were necropsied during the 10 y (January 
2002 to January 2012) of records reviewed. Among the animals, 
12 rhesus (11 female, 1 male) and 18 pig-tailed (14 female, 4 
male) macaques were diagnosed with amyloidosis in one or 
more organs. These data suggest an apparent prevalence of 15% 
in our rhesus colony and 25% in our pig-tailed colony. Because 
prevalence was calculated by using cases of amyloid detected 
at necropsy, these numbers may actually underestimate the true 
prevalence. The ages of rhesus macaques diagnosed with amy-
loidosis at necropsy ranged from 3.2 y to 19.8 y, with an average 
age of 11.6 y (n = 12). Similarly, the ages of pig-tailed macaques 
ranged from 2.8 y to 18.3 y with an average age of 10.5 y (n = 

The ages of biopsied macaques ranged from 3.6 y to 19.3 y, with 
an average age of 8.6 y. Intestinal biopsies were performed on 12 
macaques (female rhesus, n = 5; female pig-tailed, n = 5; male pig-
tailed, n = 2), and liver biopsies were performed on 6 macaques 
(female rhesus, n = 2; female pig-tailed, n = 2; male pig-tailed, n 
= 2). One rhesus macaque that was diagnosed with amyloido-
sis by minimally invasive tissue biopsy was euthanized due to 
poor prognosis prior to the end of the necropsy review and was 
included in the necropsy review. All procedures were approved 
by the Johns Hopkins University IACUC and conducted within 
an AAALAC-accredited facility. All research was performed in 
compliance with the Animal Welfare Act1 and subsequent amend-
ments and the recommendations set forth in the Guide for the Care 
and Use of Laboratory Animals.22

Anesthesia. Most biopsy procedures were performed under 
general anesthesia. Macaques were sedated with ketamine HCl 
(10 mg/kg; KetaVed, Vedco, St Joseph, MO) administered intra-
muscularly. They subsequently were intubated and placed on 
isoflurane gas anesthesia (Forane, Baxter Healthcare, Deerfield, 
IL). Multiparameter anesthetic monitoring (PM-9000Vet, Mind-
ray, Mahwah, NJ) included pulse oximetry, capnography, tem-
perature, and electrocardiography. In cases where colon biopsy 
was the sole procedure, macaques were sedated with ketamine 
(10 mg/kg IM) only.

Blood collection and storage. Macaques were sedated with ket-
amine HCl intramuscularly (10 mg/kg; KetaVed, Vedco). Blood 
was collected from the femoral vein and placed in serum-separa-
tor phlebotomy tubes. Aliquots of serum were frozen and stored 
at −20 °C.

Tissue biopsy. Endoscopy-guided small intestinal biopsies were 
obtained by using a flexible fiber gastroscope (diameter, 7.9 mm; 
channel, 2.0 mm; field of view, 100°; GIF XP20, Olympus, Cen-
ter Valley, PA). Prior to recovery, all macaques received a single, 
subcutaneous dose of famotidine (0.5 mg/kg, Baxter Healthcare). 
Colon biopsy was performed blindly by using the endoscopy bi-
opsy tool (Radial Jaw 4, Boston Scientific, Natick, MA). The colon 
was prepared by manual removal of feces from the rectum at the 
time of biopsy; because visualization via colonoscopy was not 
conducted, further colon preparations such as oral bowel cleans-
ing or enema were not performed. The biopsy tool was inserted 
into the colon to a depth approximately 10 cm from the anorectal 
junction. Digital pressure was used to guide the biopsy tool to 
the mucosal surface of the colon for sampling. The biopsy tool 
was directed in different directions for each sample to ensure that 
repeat biopsies were not conducted at the same site. This blind 
mucosal colonic sampling technique has been used routinely in 
macaques without complication at our facility over the last 5 y as 
part of an unrelated Johns Hopkins University IACUC-approved 
protocol.

For intestinal biopsies, 3 to 5 pinch biopsies of each tissue were 
obtained. Minimally invasive biopsy of the liver (n = 6) was ac-
complished by using digital ultrasound diagnostic imaging (DP-
6600Vet, Mindray). After an appropriate biopsy site was selected 
via ultrasonography, the skin was prepared aseptically, and an 18-
gauge needle was used to create a superficial puncture through 
the skin. A trucut biopsy needle (14 gauge; length, 15 cm; CareFu-
sion, McGraw Park, IL) was used according to manufacturer di-
rections to obtain a liver biopsy. Digital pressure was applied, and 
ultrasonography confirmed adequate hemostasis. Liver biopsy 
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mild to moderate in both the small and large bowel (Figure 1). 
This pattern was true for both species of macaques regardless of 
the presence of amyloid within the intestines. With the exception 
of one set of small intestinal biopsies in which the quantity and 
quality of tissue was insufficient for histopathologic diagnosis, all 
intestinal mucosal pinch biopsies obtained in the current study 
were considered diagnostic. In addition, mucosal pinch biopsies 
extended into or beyond the lamina propria, the layer of the small 
and large intestine where amyloid is found typically (Figure 1). 
Consistent with previous studies in macaques,19,38 hepatic amy-
loid expanded the sinusoids and perisinusoidal spaces (Figure 2)
. Mild hemorrhage consistent with biopsy techniques was noted 
in some samples but did not impede interpretation. The rhesus 
macaque diagnosed with amyloidosis was euthanized due to 
poor prognosis. Two other rhesus macaques were sold, and the 
remaining 9 macaques, 2 with amyloidosis, were returned to the 
macaque colonies under veterinary supervision.

SAA analysis. Serum amyloid A varied significantly by disease 
status in both rhesus (Kruskal–Wallis, P = 0.0015, n = 24) and pig-
tailed (Kruskal–Wallis, P = 0.0014, n = 31; Figure 3) macaques. In 
rhesus, macaques SAA was significantly (Dunn multiple-com-
parison test, P < 0.05) elevated in animals with amyloidosis com-
pared with normal macaques and those with chronic, idiopathic 
enterocolitis. This association also was true for SAA analysis of 
similar groups of pig-tailed macaques (Dunn multiple-compari-
son test, P < 0.05). There was no correlation between the number 
of tissues with amyloid deposition and the quantity of SAA in 
individual animals (Spearman: r = 0.08017, P = 0.7369, n = 55). In 
macaques with amyloidosis, elevated SAA was not dependent 
on the presence of amyloid in any particular tissue, including the 
intestines and liver. However, macaques with amyloid deposition 
in the stomach (n = 3) were had significantly higher (Mann–Whit-
ney, P = 0.0314) SAA than did those with no amyloid in the stom-
ach (n = 13). A cut-off value of 4 μg/mL was selected on the basis 
of a combination of previous publications, which used cut-off 
values of 3 to 6 μg/mL,8,14,21 and manual evaluation of our data. 
In this regard, 6 of the 7 rhesus macaques and 9 of the 14 pig-
tailed macaques with amyloidosis had a serum SAA value that 
exceeded 4 μg/mL. When clinically healthy pig-tailed macaques, 
pig-tailed macaques with amyloidosis, and those with chronic, id-
iopathic enterocolitis were compared, a SAA level above 4 μg/mL 
was 71.4% sensitive and 88.9% specific and had an 83.3% positive 
predictive value (Fisher exact, P = 0.0008) for distinguishing amy-
loidotic macaques from those that were clinically normal or had 
chronic, idiopathic enterocolitis. When pig-tailed macaques with 
amyloidosis or enterocolitis were compared, an SAA level above 
4 μg/mL was 71.4% sensitive and 87.5% specific and had a 90.9% 
positive predictive value (Fisher exact, P = 0.0237). Similar results 
were obtained when we compared amyloidotic rhesus macaques 
with those that were clinically normal or had chronic, idiopathic 
enterocolitis. In these animals, an SAA level above 4 μg/mL was 
85.7% sensitive and 92.6% specific and had a 75.0% positive pre-
dictive value (Fisher exact, P = 0.0001). The positive predictive 
value improved to 85.7%, and an SAA level above 4 μg/mL was 
85.7% sensitive and 87.5% specific (Fisher exact P = 0.0101) when 
amyloidotic rhesus macaques were compared only with rhesus 
macaques with chronic, idiopathic enterocolitis.

18). The most commonly affected organs differed between the 
2 macaque species. In rhesus macaques with amyloidosis, the 
small intestines were affected most commonly (83%), followed by 
the spleen (73%), and large intestine (58%; Table 1). In pig-tailed 
macaques, the small intestines, spleen, and lymph nodes were 
most commonly affected and demonstrated amyloid deposition 
with similar frequencies 50%, 53%, and 53%, respectively (Table 
2). Rhesus macaques had a significantly higher prevalence (4 of 
12 animals; Fisher exact, P = 0.0181) of kidney amyloidosis than 
did pig-tailed macaques, in which kidney amyloidosis was not di-
agnosed in any of the 18 necropsies. In addition, male macaques 
were more likely (Fisher exact, P = 0.009; relative risk, 3.125) to 
have hepatic amyloidosis than were female macaques.

In the necropsy reports of amyloidotic macaques, histologic 
amyloid deposition was noted only once in the heart among the 
28 cases evaluated, once in the tongue among 25 cases, once in 
the thyroid among 22 cases, and once in the bone marrow among 
19 cases. However, each of these animals had amyloid protein 
deposits in at least 2 other more commonly affected tissues (intes-
tines, spleen, liver). Lymph nodes positive for amyloidosis were 
from one or more locations, including axillary, bronchial, colonic, 
inguinal, mesenteric, and submandibular nodes. The number 
of tissues affected varied from a single organ in 9 (7 pig-tailed, 
2 rhesus) macaques to as many as 8 different tissues in a rhesus 
macaque. In the 9 macaques in which only a single organ was 
identified at necropsy as showing amyloidosis, the liver was most 
common (4 of 9 cases) site, followed by lymph nodes (2 of 9 cas-
es) and small intestine, large intestine, and spleen (1 case each). 
Contrary to a report where amyloid was detected in biopsies of 
grossly normal skin in 42% of human patients with secondary 
systemic amyloidosis,34 amyloid was not detected in skin samples 
from amyloidotic macaques (n = 7).

Tissue biopsy. Review of necropsy records indicated that the 
small intestine, colon, and liver would be the most clinically re-
warding biopsy sites, given that 92% of rhesus and 83% of pig-
tailed macaques had amyloid deposition in at least one of these 
locations. Of the 12 macaques that underwent minimally invasive 
tissue biopsy, 3 unrelated animals were diagnosed with amyloi-
dosis (Table 3). In the 3 animals with amyloidosis, 2 were positive 
for amyloid in all 3 tissues sampled (liver, small intestine, colon). 
In both of these cases, amyloid deposition was defined as diffuse 
and moderate to severe in the liver and small intestine. Hepato-
megaly was noted on physical exam in just one of these animals. 
Colonic biopsies from these 2 macaques revealed one animal with 
severe and diffuse colon amyloidosis and the other with minimal 
colon amyloid deposition. The third macaque diagnosed with 
amyloidosis via minimally invasive biopsy had histologic evi-
dence of amyloid deposition only in the colon. In this case, amy-
loid deposition was described as multifocal and minimal. This 
diagnosis was confirmed on subsequent biopsies over the next 
year, with similar amyloid deposition developing in the small 
intestine and liver.

Nine macaques were diagnosed with chronic, idiopathic en-
terocolitis from biopsies of the small and large intestines. Two 
pig-tailed macaques diagnosed with chronic, idiopathic entero-
colitis were siblings from the same sire and housed in the same 
social group. Two rhesus macaques diagnosed with chronic, id-
iopathic enterocolitis were unrelated but housed in the same so-
cial group. The most common finding on intestinal biopsy was 
multifocal lymphoplasmacytic inflammation that ranged from 
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that SAA not only identifies both rhesus and pig-tailed macaques 
with amyloidosis as compared with healthy animals but also, 
more importantly, can differentiate them from macaques with 
chronic, idiopathic enterocolitis. Both conditions commonly cause 
morbidity and mortality in macaque colonies, making SAA an in-
valuable tool for the clinician attempting to institute appropriate 
therapy, pursue additional diagnostics, or determine an accurate 
prognosis. Macaques with amyloidosis or chronic, idiopathic en-
terocolitis often yield inconclusive diagnostic results, and recur-
rent clinical signs and can be poor surgical candidates. Therefore, 

Discussion
SAA has the potential to be an informative and accurate diag-

nostic screening tool for amyloidosis in colonies of captive rhesus 
and pig-tailed macaques. The prognosis for secondary systemic 
amyloidosis is poor for animals including nonhuman primates,17 
with limited survival times after diagnosis as a result of subse-
quent organ failure.18 This disadvantage can be attributed in part 
to the late stage at which clinical signs of amyloidosis become 
apparent; however, accurate diagnosis of amyloidosis is further 
complicated in macaques due to the similar clinical presentations 
of animals with chronic, idiopathic enterocolitis. We have shown 

Table 1. Organs with amyloidosis at necropsy of rhesus macaques

ID Sex
Small intes-

tine Spleen Lymph node Liver Large intestine Stomach Adrenal Kidney Ovary/testes

1 Female + + – + + + + + +
2 Female + + + + + – – + –
3 Female + + – + + – + + no tissue
4 Female + no tissue no tissue + + no tissue – – +
5 Female + – – – + + – – –
6 Female + + + – – – – – no tissue
7 Female + + – – + no tissue – – –
8 Female + + no tissue – – – – + –
9 Female – + + – – – – – –
10 Female + – – – – – – – no tissue
11 Female – – – + – – – – –
12 Male + + + + + + – – –

Prevalence 83% 73% 40% 50% 58% 30% 17% 33% 22%

+, amyloid proteins present; –, no amyloid protein present.

Table 2. Organs with amyloidosis at necropsy of pig-tailed macaques

ID Sex Small intestine Spleen Lymph node Liver
Large intes-

tine Stomach Adrenal Kidney Ovary/testes

13 Female + + + no tissue + + – – –
14 Female + + + – + + – – –
15 Female + + + – – + – – no tissue
16 Female + – + – – – – – –
17 Female + + + – – – – – no tissue
18 Female + + + – – – – – –
19 Female + + – – + – – – –
20 Female + + – – – + – – –
21 Female – – + – – – – – –
22 Female – – + – – – – – no tissue
23 Female – – no tissue + – – – – no tissue
24 Female – – – + – – – – –
25 Female – – – – + no tissue – – –
26 Female – + – – – no tissue – – –
27 Male + no tissue + + – no tissue + – –
28 Male – – – + – – + – –
29 Male – + – + – – – – –
30 Male – – – + – – – – –

Prevalence 50% 53% 53% 35% 22% 27% 11% 0% 0%

+, amyloid proteins present; –, no amyloid protein present.
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imally invasive techniques can definitively diagnose animals as 
amyloidotic, but a negative biopsy cannot be considered proof 
of the absence of amyloid. In our colony, 8% of rhesus and 16% 
of pig-tailed macaques with systemic amyloidosis diagnosed at 

SAA analysis holds promise as a noninvasive diagnostic indicator 
of amyloid disease.

As a screening tool, SAA serves to identify animals with a high 
index of suspicion for amyloid disease. Follow-up biopsy by min-

Table 3. Histologic diagnosis after minimally invasive biopsy techniques of small intestine (endoscopic), large intestine (blind mucosal pinch), and 
liver (ultrasound-guided trucut)

ID Species Sex Age (y) Small intestine Large intestine Liver

31 Rhesus Female 9.3 Amyloidosis and enteritis Amyloidosis and colitis Amyloidosis
32 Rhesus Female 8.5 Enteritis Colitis Hepatitis 
33 Rhesus Female 19.3 Enteritis Colitis No tissue
34 Rhesus Female 7.8 Enteritis Colitis No tissue
35 Rhesus Female 3.6 Enteritis Colitis No tissue
36 Pigtail Female 6.5 Insufficient quantity or quality of tissue for diagnosis Amyloidosis and colitis Normal 
37 Pigtail Female 4 Enteritis Colitis Normal
38 Pigtail Female 9.8 Enteritis Colitis and Balantidium sp. No tissue
39 Pigtail Female 3.8 Enteritis Colitis and Balantidium sp. No tissue
40 Pigtail Female 11.1 Enteritis Colitis No tissue
41 Pigtail Male 13.7 Amyloidosis and enteritis Amyloidosis and colitis Amyloidosis
42 Pigtail Male 5.3 Enteritis Colitis Normal

Figure 1. Histopathology of intestinal mucosal pinch biopsies of (A) small intestine with chronic, idiopathic enterocolitis, (B) small intestine with amy-
loidosis, (C) colon with chronic, idiopathic entercolitis, and (D) colon with amyloidosis. Amyloid protein is homogenous, amorphous, eosinophilic, and 
indicated by black arrows. Hematoxylin and eosin stain; bar, 20 µm.
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mucosal samples obtained in the previous study included ad-
equate sections of lamina propria to definitively diagnose amy-
loidosis, supporting our hypothesis that full-thickness biopsies 
and laparotomy are unnecessary.41,42 In 2 macaques from which 
tissues were taken both clinically via exploratory laparotomy and 
the minimally invasive techniques previously described, there 
was 100% congruence between methodologies in the diagnosis of 
amyloidosis. Although beyond the scope of the current study, the 
degree of amyloid deposition in endoscopic gastric and duodenal 
biopsies is a negative prognostic indicator in human patients with 
amyloidosis and refractory chronic inflammatory disease;25 this 
association may prove to be true in nonhuman primate species 
as well.

Similar to the potential limitations for endoscopy in macaque 
colonies, a previous report found that the labor-intensity of 
colonoscopy outweighed its potential benefits in the clinical man-
agement of a rhesus macaque colony.15 Although colonoscopy can 
aid in the selection of optimal biopsy sites, direct visualization of 
the mucosa does not in itself provide a diagnostic advantage in 
cases of intestinal amyloidosis because the mucosal surface ap-
pears grossly normal despite amyloid disease.19,27 We therefore 
suggest that extensive colonic preparation and visualization of 
the mucosal surface via colonoscopy may not be necessary for the 
diagnosis of amyloidosis. We have found that diagnostic tissue 
samples can be obtained by using blind mucosal pinch biopsy of 
the colon. This technique requires minimal preparation beyond 
routine feed limitations prior to sedation and can be performed 
with injectable intramuscular sedation alone, thus eliminating 
much of the labor described in the previous report. Although a 
histopathologically normal biopsy does not rule out systemic am-
yloidosis, this technique can provide definitive diagnosis when 
amyloid is present in the colon, which was true for 58% of rhesus 
and 22% of pig-tailed macaques with amyloidosis in our necropsy 
records. Consequently, blind colon biopsy can provide an alterna-
tive approach when endoscopy is not available or practical.

In the absence of intestinal amyloidosis, the liver was most 
commonly affected in our animals. Hepatomegaly has been as-

necropsy did not have amyloid in the intestines or liver. Similarly, 
21% of pig-tailed macaques with amyloidosis had no amyloid 
deposition in the intestines or liver in a previous study.19 In these 
cases of systemic amyloidosis at our institution in which the in-
testines and liver were unaffected, tissues that are more difficult 
to biopsy, such as the adrenals, visceral lymph nodes, spleen, and 
kidney, were affected. We have found that SAA is elevated in 
macaques with amyloidosis regardless of what tissue is affected 
by amyloid deposition. Notably, at least one animal among the 
limited number of macaques with amyloidosis that underwent 
SAA analysis was identified as having high SAA despite the lack 
of detectable amyloid in any of the commonly biopsied tissues 
(intestines and liver). Therefore, SAA may be a more sensitive and 
practical diagnostic tool than is multiple biopsies, particularly in 
cases where the intestines and liver are not affected. Because SAA 
can be elevated during diverse acute inflammatory responses,7 a 
single elevated SAA value should not be interpreted as a defini-
tive diagnosis and should be reviewed on a case-by-case basis. In 
the absence of clinical signs, persistently elevated SAA should 
raise the clinical suspicion for amyloidosis. Elevated SAA in ma-
caques with clinical signs consistent with amyloidosis, such as 
hepatomegaly, cachexia, and chronic diarrhea,4,19 should be evalu-
ated further via repeat SAA analysis or tissue biopsy.

Retrospective analyses of amyloidotic macaques in our col-
ony indicated that the small intestine is the preferred tissue for 
minimally invasive biopsy, with 83% of rhesus and 50% of pig-
tailed macaques affected at this location. However, endoscopy 
may be considered to be impractical in some settings, given that 
it requires general anesthesia of subjects, expensive equipment, 
and technical skill. Gastric biopsy may be accomplished eas-
ily, but amyloid deposition in the stomach was noted in fewer 
than 30% of macaques with amyloidosis at necropsy, and all of 
these animals also had amyloid deposits in the small intestine. 
These necropsy findings support the limited success of gastric 
biopsies in detecting amyloidosis in a previous study involving 
pig-tailed macaques, in which small intestinal biopsies were not 
attempted.19 Consistent with previous human reports, intestinal 

Figure 2. Histopathology of trucut liver biopsy from (A) normal liver tissue from a macaque diagnosed with chronic, idiopathic enterocolitis and (B) 
liver tissue from a macaque with extensive amyloidosis and sparse remaining hepatocytes. Amyloid protein is homogenous, amorphous, and eosi-
nophilic. Hematoxylin and eosin stain; bar, 20 µm.
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ultrasonography to both guide the biopsy and to ensure adequate 
postprocedural hemostasis. Although no complications were not-
ed as a result of trucut biopsy in macaques diagnosed with he-
patic amyloidosis in the current study, macaque 15 (Table 1) was 
euthanized after liver fracture and extensive hemorrhage during 
routine abdominal palpation and ultrasonography unassociated 
with liver biopsy.

Due to the complications associated with biopsy of pathologic 
internal organs, great strides have been made regarding mini-
mally invasive diagnostic techniques for amyloidosis in humans, 
most notably the routine use of serum SAA evaluation.17 Persis-
tently elevated SAA has been well described in human patients 
with secondary systemic amyloidosis as compared with human 
patients with nonamyloid chronic inflammatory disease.13,14,26 
Although some patients with refractory chronic inflammatory 
conditions do not develop secondary, systemic amyloidosis, oth-
ers go on to develop potentially life-threatening amyloid disease. 
In these patients, SAA is not only evaluated for elevations (in-
dicating the development of secondary systemic amyloidosis) 
but also is used to monitor response to treatment.21,23,32,36 Our 
current study suggests that similar application of SAA evalua-
tion would be appropriate in macaque colonies, in which some 
animals with chronic, idiopathic enterocolitis ultimately develop 
secondary systemic amyloidosis and others do not. This pattern 
is supported by previous studies in pig-tailed macaques, in which 
animals with histopathologic evidence of enterocolitis or clinical 
histories of diarrheal disease were at increased risk of developing 
amyloidosis.37,38

Biopsy or aspiration of the subcutaneous fat pad has replaced 
more invasive biopsies in human patients with amyloidosis.5,10 
Gross necropsy records from our macaque colonies indicate that 
the subcutaneous abdominal fat often is not sufficiently massive 
to support aspiration or biopsy during the terminal stages of am-
yloidosis or chronic, idiopathic enterocolitis. These findings are 
consistent with a previous report that described amyloidosis in 
rhesus macaques4 and were true for macaques selected for mini-
mally invasive tissue biopsy in the current study as a result of 
chronic, recurrent clinical illness. Although beyond the scope of 
our report, the evaluation of the subcutaneous fat pad may be di-
agnostic during the subclinical stages of amyloidosis, when body 
condition has not yet been affected by the disease. Interestingly, 
a previous study in rhesus macaques showed that SAA elevated 
more highly in asymptomatic animals with amyloidosis than in 
those with high amyloid burden and clinical signs of disease.29 A 
larger prospective study is necessary to determine the operating 
characteristics of serum SAA measurements as a screening test for 
amyloidosis in asymptomatic animals and potentially could be 
conducted in combination with investigations into the diagnostic 
value of subcutaneous fat pad biopsy.

We further suggest that SAA is a convenient surveillance tool in 
macaque colonies because it can be evaluated in a high-through-
put fashion by using serum samples that often are otherwise 
obtained routinely for viral screening and health monitoring. Al-
though commercial laboratories currently do not offer macaque 
SAA analysis, the SAA ELISA kit that we used in the current study 
is available for US$441.20 and can be used to test as many as 80 
animals at a cost of US$5.52 per animal. This cost is comparable to 
the current commercial rates for routine macaque viral screening, 
at approximately US$5 per virus per animal. Moreover, although 
endoscopy and intestinal biopsy was well tolerated by all ma-

sociated with hepatic amyloidosis in both rhesus and pig-tailed 
macaques, however, this clinical finding is generally limited to 
cases of moderate to severe hepatic amyloid deposition.4,19 Of the 
2 animals we identified by tissue biopsy with moderate to severe 
hepatic amyloidosis, only one had clinically apparent hepatomeg-
aly. Whether liver biopsy in the presence of amyloidosis is safe 
has prompted discussion, given the friability of the tissue and the 
potential for bleeding.11 Consequently, we recommend reserving 
liver biopsy for cases when intestinal biopsies are inconclusive 
and when amyloidosis of the liver is suspected in light of elevated 
SAA, hepatomegaly, or other abnormalities in serum chemistry 
profiles consistent with liver amyloidosis, such as increased ALP, 
AST, or GGT.29 In addition, male macaques should be consid-
ered for liver biopsy, because in our current study male macaques 
more often had hepatic amyloidosis than did female macaques. 
Although the underlying cause for this result is unclear, it is con-
sistent with a study of amyloidosis in chimpanzees.18 We further 
recommend that percutaneous liver biopsy be performed with 

Figure 3. ELISA results of serum amyloid A (SAA) serum concentration 
compared with diagnosis at necropsy for (A) rhesus and (B) pig-tailed 
macaques; bars represent median values. Serum amyloid A varied sig-
nificantly by disease status in both rhesus (Kruskal–Wallis, P = 0.0015, 
n = 24) and pig-tailed macaques (Kruskal–Wallis, P = 0.0014, n = 31).
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caques in the current study regardless of clinical illness, the value 
of such procedures with regard to their potential complications and 
labor intensity still needs to be considered. SAA analysis is non-
invasive, requiring only a serum sample, and can be completed 
for as many as 80 animals in as few as 2 h, whereas minimally 
invasive biopsies require approximately 1 h of anesthesia time 
per animal.

In summary, we have confirmed our hypothesis that SAA can 
be used to differentiate macaques with amyloidosis from those 
with chronic, idiopathic enterocolitis. We have shown that SAA 
is not only elevated in macaques with amyloidosis as compared 
with normal macaques but also in amyloidotic macaques com-
pared with macaques with chronic, idiopathic enterocolitis. In 
addition, we have confirmed that systemic amyloidosis remains 
a common pathologic finding in our macaque colonies, with an 
apparent prevalence of 15% in rhesus macaques and 25% in pig-
tailed macaques. Retrospective analysis of necropsy reports from 
macaques with systemic amyloidosis confirmed that the intes-
tines and liver are among the organs typically affected by amy-
loid deposition. We then were able to demonstrate that minimally 
invasive biopsy of the intestines and liver can be used to provide 
a definitive antemortem diagnosis in clinically diseased animals 
when these tissues are affected. A negative biopsy, however, does 
not exclude a diagnosis of amyloidosis. Furthermore, multiple 
minimally invasive biopsies may be associated with complica-
tions and require technical skill, time, and equipment that may be 
considered impractical in some settings. Therefore, we propose 
that SAA analysis can be used as a less invasive, cost-effective, 
and accurate tool for the diagnosis of amyloidosis in macaques. 
The availability and utility of this biomarker have the potential to 
close the gap between advances in the diagnosis and treatment of 
secondary systemic amyloidosis in humans, where SAA analy-
sis is used routinely for diagnosis and therapeutic monitoring, 
and the current management (or lack thereof) of the disease in 
macaque colonies. Although there currently is no definitive treat-
ment for amyloidosis in humans or animals, routine use of serum 
SAA analysis in macaque colonies may allow for early diagnosis 
and subsequent investigations into disease progression and novel 
therapeutic options.
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