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Identifying Cardiac Diseases using
Cardiac Biomarkers in Rhesus Macaques
(Macaca mulatta)

Yu Ueda,' JoAnn L Yee,> Amber Williams,” Jeffrey A Roberts,? Kari L Christe,? and Joshua A Stern'*

Cardiac biomarkers are an important tool for diagnosing cardiac diseases in both human and veterinary patients. Serum
concentrations of N-terminal probrain natriuretic peptide (NT-proBNP) and cardiac troponin I (cTnl) have been used to
indicate the presence of various cardiac diseases including hypertrophic cardiomyopathy (HCM) in various species includ-
ing humans. However, these cardiac biomarkers have not been established as a diagnostic tool for detecting cardiac disease
in rhesus macaques. In the rhesus macaque colony at the California National Primate Research Center, naturally occurring
HCM and various other cardiac diseases have been identified. In this study, commercially available assays were used to
measure serum cI'nl and NT-proBNP concentrations to evaluate their utility as a diagnostic screening tool for cardiac dis-
eases in rhesus macaques. This study revealed that the serum c¢Tnl concentration was significantly higher in animals with
echocardiographically apparent cardiac disease as compared with the animals that had no cardiac structural and functional
changes (the control group). However, no significant differences were detected between animals with HCM and non-HCM
cardiac disease. Because the area under the receiver operating characteristic curve was 0.81 when the serum ¢Tnl was com-
pared between the control and cardiac disease groups, serum cTnl was considered a moderately accurate test to predict the
presence of cardiac disease. The optimal cut-off value of serum cTnl concentration for diagnosis of cardiac disease was 0.0085
ng/mL, with a sensitivity of 0.68 and specificity of 0.94. Significant but weak correlations were noted between the serum c¢Tnl
concentration and several echocardiographic parameters. Conversely, no significant differences in NT-proBNP concentrations
were detected between animals with and without cardiac diseases. In conclusion, measurement of serum ¢Tnl can be used
to aid in diagnosing cardiac diseases in rhesus macaques. However, cTnl measurement does not replace echocardiographic
evaluation to diagnose cardiac diseases in rhesus macaques due to the poor sensitivity of the assay and the weak correlation
to with more established echocardiographic markers for cardiac disease.

Abbreviations: ACD, all cardiac disease; BNP, brain natriuretic peptide; ¢cTnl, cardiac troponin I; E: A, ratio of the peak early to late
transmitral flow velocity; E":A’(lateral), ratio of the peak early to late lateral mitral annular motion velocity; E":A’(medial), ratio
of the peak early to late medial mitral annular motion velocity; FS, fractional shortening; HCM, hypertrophic cardiomyopathy;
IVSd, interventricular septal wall thickness during diastole; LA /Ao, (lax) 2-dimensional left atrial diameter to left aortic root
diameter ratio from right parasternal long-axis view; LA /Ao (sax), 2-dimensional left atrial diameter to left aortic root diameter
ratio from right parasternal short-axis view; LVPWd, thickness of left ventricular posterior wall during diastole; NT-proBNP,
N-terminal probrain natriuretic peptide;OCD, other cardiac disease; V, , peak velocity of aortic flow
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Diagnostic imaging, including echocardiography, is com-
monly used in a clinical setting to diagnose cardiac diseases,
including hypertrophic cardiomyopathy (HCM). However, im-
aging techniques are highly operator dependent, and a sonog-
rapher must receive advanced training to be able to accurately
diagnose HCM, even using advanced imaging equipment.
Ideally, measurement of circulating cardiac biomarkers would
enable the objective evaluation of the likely presence and se-
verity of cardiac abnormalities such as HCM, thereby reducing
the number of animals that require advanced imaging. Much
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of research has been performed to explore the use of cardiac
biomarkers as a screening tool to correctly identify subclinical
cardiac diseases in a variety of species, but this has not yet been
done in rhesus macaques.**

Cardiac troponin I (cTnl) is a cardiomyocyte-specific troponin
found on the actin filament in myocardial tissues. cTnl is released
from myocardial cells that are injured or die, making it possible to
use it as a circulating biomarker of myocardial injury.'** In addi-
tion, a high-sensitivity ¢Tnl assay is commercially available, and
this assay can detect very low concentrations of cTnl with high
precision.® This high sensitivity cTnl assay has been validated in
various species, including healthy rhesus macaques.® It was also
measured in rhesus macaques with naturally occurring HCM in a
small pilot study of animals from the same facility as the present



study, but this previous study failed to show significant differ-
ences in ¢T'nl values between HCM and control animals.”

NT-proBNP is an inactive byproduct of brain natriuretic pep-
tide (BNP). NT-proBNP has been used as a stable surrogate
marker of BNP, because of its longer plasma half-life compared
with BNP.¥?* Measuring the plasma or serum concentration of
NT-proBNP has been used to aid in diagnosing various cardiac
diseases in both humans and other species, including dogs and
cats.”* In humans, NT-proBNP has been used for the diagno-
sis of acute and chronic heart failure.'%?2%% In addition, serum
NT-proBNP concentration has been known to be increased in
patients with HCM."1*1¢3* An elevated serum concentration of
both cTnl and NT-proBNP has also been associated with various
characteristics of HCM in humans and other species, including
the degree of left ventricular wall thickening, changes in left
atrial size, the presence and degree of left ventricular outflow
tract obstruction (LVOTQO).20273441

To the authors’ knowledge, no study has compared the serum
concentration of NT-proBNP in rhesus macaques, either with
or without cardiac disease. Although serum c¢Tnl concentration
was measured in a previous study, the numbers of HCM and
control macaques were very low.” Therefore, the objective of
the present study was to measure the concentrations of cTnl
and NT-proBNP in rhesus macaques, with and without cardiac
disease, using commercially available assays. An association be-
tween elevated serum cTnl and NT-proBNP concentrations and
various characteristics of HCM was evaluated. We hypothesized
that rhesus macaques with HCM and other cardiac diseases
would have higher concentrations of cTnl and NT-proBNP, and
that the severity of the cardiac disease would correlate with se-
rum cTnl and NT-proBNP concentrations.

Materials and Methods

Subject and Housing. All study procedures were conducted
at the CNPRC, which is a USDA registered and AAALAC ac-
credited institution that maintains a Public Health Services As-
surance. The protocol for the present study was approved by the
Institutional Animal Care and Use Committee of the University
of California-Davis. All rhesus macaques were maintained in ac-
cordance with the USDA Animal Welfare Act and recommenda-
tions in the Guide for the Care and Use of Laboratory Animals.**
Rhesus macaques were housed either indoors or outdoors with
other rhesus macaques. Two rhesus macaques were relocated
to indoor housing approximately 4 d before echocardiographic
examination and blood collection. The rest of the rhesus ma-
caques under study were relocated to indoor housing more than
8 d prior to examination and blood collection, or were housed
indoors for an extended period of time. The rhesus macaques
were housed outside in large field pens or small corn cribs. The
rhesus macaques housed indoors, or relocated to indoor hous-
ing just prior to examination, were usually paired and housed
in stainless steel cages sized according to the primary cage-
space regulations. Outdoor husbandry included cleaning of
all fixture surfaces, standard sanitization, and protection from
the elements. All rhesus macaques housed indoors were on a
12:12 light:dark cycle as standard. Temperature, humidity, and
ventilation of the rooms were maintained as a part of routine
husbandry care for indoor rhesus macaques. All rhesus ma-
caques were housed with species-appropriate environmental
enrichment, fed chow twice daily (LabDiet Monkey Diet 5047,
Purina Laboratory, St Louis, MO), offered water ad libitum via
automatic watering devices, and had their diet supplemented
with fruits and vegetables twice a week. Physical examination,
weighing, tuberculosis testing, and dental prophylaxis were
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performed every 6 mo to 1y, while animals were under seda-
tion. All rhesus macaques were monitored periodically for her-
pes B virus, simian T-lymphotrophic virus, SIV, and simian type
D retrovirus)**

All animals enrolled in this study had a complete physical
examination, blood collection, and echocardiographic examina-
tion under sedation.® They were divided into 3 groups based on
complete echocardiographic examination: (1) control with no
significant cardiac abnormalities, (2) HCM, and (3) other car-
diac diseases (OCD). Rhesus macaques with HCM and OCD
were also categorized into a combined group labeled all cardiac
disease (ACD).

Sedation. Echocardiographic examination was performed un-
der sedation using ketamine hydrochloride (10 mg/kg IM; Ket-
aject, Phoenix Pharmaceutical, St Joseph, MO). An additional
dose of ketamine (5 to 10 mg/kg IM) was given if additional
time under anesthesia was necessary for echocardiographic ex-
amination and blood sampling.

Echocardiography. Rhesus macaques with HCM or other car-
diac diseases were selected from the echocardiographic database
developed by the authors (YU, JS). Echocardiographic examina-
tion was performed by an ACVIM board-certified cardiologist
(JS) or a veterinarian (YU) trained by an ACVIM board-certified
cardiologist. To perform complete echocardiography, rhesus
macaques were placed in right and left lateral recumbency un-
der sedation. All images were obtained using a 4- to 12-mHz
sector-array transducer (512-4) with color and spectral Doppler
capabilities (Phillips Affiniti 50, Best, Netherland). Acquired
images were analyzed by a veterinarian (YU) using a standard
offline analysis software (Syngo Dynamics, Siemens, Erlangen,
Germany) and reviewed by a board-certified cardiologist (JS).
All echocardiographic parameters were measured in accordance
with the guidelines of the American Society of Echocardiogra-
th'37

HCM was diagnosed based on the presence of a thickened
ventricular wall and diastolic dysfunction on echocardiographic
evaluation.* Criteria for the diagnosis of HCM was defined as
thickness of the left ventricular posterior wall during diastole
(LVPWd) and/or interventricular septal wall thickness during
diastole (IVSd) more than 6.5 millimeters, in rhesus macaques
younger than 9 y old. Rhesus macaques older than 9 y were
diagnosed with HCM if IVSd was more than 8.8 mm and/or
LVPWd is more than 7.4 mm.*® Diastolic dysfunction was di-
agnosed by the ratio of the peak early to late transmitral flow
velocity (E:A) being less than 0.9, or an E:A greater than 0.9 with
a lateral (E’/A’ [lateral]) and/or medial (E’/A’ [medial]) peak
mitral annular motion velocity during early and late filling of
less than 0.9.

Rhesus macaques in the OCD group were diagnosed with
systolic dysfunction, moderate to severe degenerative valvu-
lar disease, or ventricular septal defect. Systolic dysfunction
was diagnosed if a fractional shortening (FS) of the left ventricle
was less than 25%, and/or left ventricular ejection fraction (EF)
was less than 50%. FS and EF were calculated as previously de-
scribed.”™® Moderate to severe aortic regurgitation was diagnosed
if the ratio of jet height to left ventricular outflow tract width
was greater than 25%. Moderate to severe mitral and tricuspid
regurgitation was diagnosed when the regurgitant jet occupied
greater than 30% of the left or right atrial area respectively.'
Rhesus macaques in the control group were free from these
abnormalities; animals displaying trace to mild valve regur-
gitations without concurrent chamber enlargement were not
excluded from the control group, as this has been shown to rep-
resent normal variation in sedated patients of various species.
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Serum sample preparation. While macaques were sedated for
ECG, 3 mL of venous blood were collected into a red-top tube
by venipuncture prior to echocardiographic examination. The
collected blood samples were centrifuged within 20 min of col-
lection. The supernatant serum samples were aliquoted to 2 2
mL cryogenic tubes, then frozen and stored at — 80 °C within
1 h of sample collection. The serum samples were thawed at
room temperature (18 to 20 °C) shortly before performing the
cardiac biomarker assays, which were performed within 6 mo
of collection.

Measurement of serum cTnl concentration. Serum c¢Tnl was
measured according to manual instructions of a commercially
available assay (ADVIA Centaur CP Tnl-Ultra, Siemens Health-
care Diagnostics, Tarrytown, NY). The lower detection limit of
cTnlis 0.006 ng/mL, and the upper detection limit is 50 ng/mL.
The 10% coefficient of variation (CV) is 0.03 ng/mL with a 99th
percentile of 0.04 ng/mL.

Measurement of serum NT-proBNP concentration. Serum NT-
proBNP concentration was measured by using a commercially
available monkey-specific assay (Catalog number MBS009046,
MyBioSource San Diego, CA), performed according to manu-
facturer’s instructions. This assay is a quantitative sandwich en-
zyme-linked immunosorbent assay (ELISA), with the range of
62.5 to 2000 pg/mL for quantitation and detection sensitivity of
10 pg/mL. Both intraassay CV and interassay CV are reported
by the manufacturer as less than 15% in rhesus monkeys. To
perform the assay, 50 pL of undiluted serum from the rhesus
macaques was used. The standard solution was diluted to yield
62.5, 125,250, 500, 1000, 2000 pg/mL solutions with a blank well
containing only the diluent. The optical density values were
measured spectrophotometrically at 450 nm within 15 min af-
ter adding the stop solution. A standard curve was constructed
used the commercial curve fitting software (Excel), and the ac-
tual concentrations of NT-proBNP were calculated based on
this standard curve. The samples were analyzed in duplicate
measurements. For validating the ELISA kit, we assessed the
CV, recovery rate and linearity of the assay. For linearity analy-
sis, 25 pL standard solution was spiked with 25 uL of the se-
rum sample diluted at 1:4, 1:8, and 1:16 ratios. To determine the
recovery rate and lower detection limit, 25 uL of the standard
solution with known NT-proBNP concentration (31.25, 62.5, 125,
250 pg/mL) was added to each of the wells with 25 pL of serum
sample obtained from a healthy rhesus macaque. The CV was
determined by using 8 serum samples that were from healthy
rhesus macaques being used in another study. These samples
were assessed in triplicate.

Statistical analysis. Normality testing for continuous variables
was performed using a D’Agostino-Pearson test in each group.
The parametric variables are reported as mean + SD, and non-
parametric variables are reported as median and interquartile
range (IQR) for each echocardiographic variable. The patient
characteristics and echocardiographic parameters among differ-
ent groups were compared using an ANOVA with Holm-Sidak
posthoc comparisons for parametric variables, and Kruskal-
Wallis test with Dunn posthoc comparisons for nonparametric
variables. Differences in cTnl and NT-proBNP concentration
between 2 groups were also examined using an unpaired Stu-
dent ¢ test for parametric and Kolmogorov-Smirnov test for
nonparametric variables. Categorical variables were compared
using a Chi-Squared or Fisher exact test.

Pearson correlation method was used to assess the correla-
tions between the serum biomarker concentrations and patient
characteristics (age, BW, HR) and echocardiographic param-
eters. Simple and multiple linear regression analyses were then
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performed between cTnl and NT-proBNP concentrations, pa-
tient characteristics, and echocardiographic variables when
these variables were significantly correlated with the biomarker
concentrations.

Receiver operating characteristic (ROC) analysis was per-
formed to evaluate the diagnostic accuracy of these biomarkers
and to determine optimal cut-off values of these biomarker con-
centrations in serum for distinguishing rhesus macaques with
and without cardiac diseases. The accuracy was determined to
be low with 0.5 < AUC < 0.7, moderate with 0.7 < AUC < 0.9,
or high with AUC > 0.9. The cut-off values were reported with
statistical parameters including sensitivity and specificity, and
the biomarker concentration with the maximal Youden Index
(J = specificity + sensitivity — 1) was chosen as a cut-off value to
distinguish rhesus macaques with and without cardiac diseases.
For all statistical tests, P < 0.05 was considered significant.

Results

Patient characteristics. A total of 129 rhesus macaques were
enrolled in this study, including 101 healthy rhesus macaques
without significant cardiac abnormalities. A total of 52 males
and 77 females were included in the study. The median age
was 7'y (range: 1.6 to 26.8 y) and the median weight was 9.1 kg
(range: 3.3 to 18.6 kg). Among these macaques, 28 were diag-
nosed with cardiac disease and categorized into the all cardiac
disease (ACD) group. Among these ACD animals, 21 were di-
agnosed with HCM, and 7 were diagnosed with various other
types of cardiac disease, including systolic dysfunction (2),
moderate valvular regurgitation (4), and ventricular septal de-
fect (1). The 7 macaques with non-HCM cardiac diseases were
categorized as the other cardiac disease (OCD) group.

The sex, age, body weight (BW) and heart rate (HR) in each
group are shown in Table 1. These patient characteristics were
compared among rhesus macaques in the different cardiac
disease groups. Significant differences in age (P = 0.0007), BW
(P =0.0001), and HR (P = 0.0076) were noted among the
3 groups. The BW (P = 0.0081) and HR (P = 0.013) were sig-
nificantly higher in the HCM group than the control group,
whereas animals in the OCD group were significantly older
(P =0.037) and their BW significantly higher than those of the
control group (P = 0.014). No significant differences in the age,
BW, and HR were detected between the HCM and OCD groups.
No significant differences in sex distributions (P = 0.22) were
detected when data from all groups were combined.

Echocardiographic parameters. Various echocardiographic
parameters were measured for all animals enrolled in this study
and were compared among the groups (control, HCM, and
OCD groups) (Table 2). IVSd, LVPWd, E'/A’ (medial), E'/ A’
(lateral), E/A, FS, EF, peak velocity for aortic flow (V, ) were
significantly different between the control and HCM groups.
Two-dimensional left atrial diameter as compared with the
left aortic root diameter ratio from the right parasternal short-
axis view (LA /Ao [sax]) and from the right parasternal long-
axis view (LA /Ao [lax]), LVPWd were significantly different
between the control and OCD groups. Only LA /Ao (lax), FS
and EF were significantly different between the HCM and OCD
groups.

Serum cTnl concentrations. The median serum cTnl con-
centration for all rhesus macaques was 0.006 (range: < 0.006 to
0.395 ng/mL). No significant differences were noted between
males and females (P = 0.078). The serum cTnl concentration
in rhesus macaques relocated to indoor housing less than 30
d and in those that were housed indoors for more than 30 d
prior to examination and blood collection were compared in
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Table 1. Patient characteristics of enrolled rhesus macaques in the control, HCM, OCD groups.

Pvalue Control compared Control compared HCM compared

Overall Control HCM OCD (overall) with HCM with OCD with OCD
Sex (M/F) 52M/77F 39M/62F 8M/13F 5M/2F 0.22
Age (year) 7 (4.6-12.8) 6.7 (6.7-12.5) 11.7 (5.8-13.4) 12.9 (8.7-19) 0.0048* 0.055 0.0372 >0.99
BW (kg) 9.1(7.2-11.7) 8.6 (6.7-10.8) 10.4 (9.4-13.8) 13.8 (11.2-14.9) 0.005 0.00812 0.014° >0.99
HR (bpm) 138 £26 135+ 26 152 +24 128 £24 0.001° 0.013¢ >0.99 0.086

These parameters were compared among the control, HCM, and OCD groups and the overall P values are listed.
* significant difference (P < 0.05). BCS = body condition score; bpm = beats or breaths per minute; BW = body weight; HCM = hypertrophic
cardiomyopathy; HR = heart rate; OCD = other cardiac disease; RR = respiratory rate

Table 2. Median and interquartile ranges or mean * SD of various echocardiographic parameters in rhesus macaques in the control, HCM, and
OCD groups.

Control Control HCM
P value compared  compared compared
Overall Control HCM OCD (overall) with HCM  with OCD with OCD
LA/Ao (sax) 1.5+£0.21 1.4+0.19 1.4+0.22 1.64 (1.53-1.83) 0.024° >0.99 0.022 0.052
LA /Ao (lax) 21+0.28 21+0.25 2.07£0.29 2.36 (2.33-2.72)  <0.0001? >0.99 <0.0001° 0.0006°
IVSd (cm) 0.51 (0.43-0.59) 0.48 +0.097 0.68 +£0.13 0.58 (0.53-0.64)  <0.0001* <0.00012 0.056 0.79
LVPWd (cm)  0.58 (0.49-0.67)  0.56+0.1 0.79+0.14 0.72 (0.58-0.77) ~ <0.0001" <0.0001* 0.014* >0.99
FS (%) 38+9.0 379+83 444 (35.9-47.9) 34.4 (22.3-36.5) 0.025* 0.03* 0.13 0.00372
EF (%) 70.5(63.3-78.0) 70.2 (62.0-76.8)  78.8 (68.1-81.9) 65.2 (45.5-68.3) 0.0043* 0.046* 0.18 0.004*
E’/A’ (medial) 1.3+0.43 0.94 +0.02 0.92+0.24 0.98 (0.68-1.72) 0.0019* 0.0016° 0.81 0.84
E’/A’ (lateral) 1.5 (1.0-1.8) 0.65+0.021  8.37(7.6-12.3) 1.23 (0.59-1.52) 0.0018° 0.0044° 0.17 >0.99
V,, (m/s) 12 (1.1-1.4) 1234017  1.36 (1.21-1.69) 1.1(1.01-147)  0.0061° 00058  >0.99 0.11
E/A 13(09-15) 1.84(1.44-21)  0.86(0.76-0.99)  1.09 (0.86-1.56)  <0.0001° <0.0001°  >0.99 023

2 significant difference (P < 0.05). E/ A =ratio of the peak early to late transmitral flow velocity, E’/ A’(lateral) = ratio of the peak early to late lateral
mitral annular filling velocity, E’/A’(medial) = ratio of the peak early to late medial mitral annular filling velocity, HCM = hypertrophic
cardiomyopathy; IVSd = interventricular septal wall thickness during diastole; LA /Ao (lax) = left atrial diameter to left aortic root diameter ratio
from right parasternal long-axis view, LA /Ao (sax) = left atrial diameter to left aortic root diameter ratio from right parasternal short-axis view;

LVPWd = thickness of left ventricular posterior wall during diastole, OCD = other cardiac disease, V, = peak velocity for aortic flow

101 control macaques (n = 48 and 53 rhesus macaques, respec-
tively). No significant differences in serum cTnl concentration
was noted between these 2 groups (P = 0.23). The serum cTnl
concentration was significantly higher in the ACD group as
compared with the control group (P < 0.0001) (Figure 1). In
the ACD group, macaques in the both HCM (P < 0.0001) and
OCD groups (P < 0.0001) had significantly higher serum cTnl
concentration than the control group. However, a significant
difference in the cTnl concentration was not detected between
HCM and OCD groups (P > 0.99) (Table 3). The ROC analy-
sis was performed to determine the accuracy of serum cTnl
measurement as a predictor of the presence of cardiac diseases
in rhesus macaques. Because the area under the ROC curve
(AUC) was 0.81 (95% CI, 0.69. — 0.92) when comparing the se-
rum cTnl between the control and ACD groups, serum cTnl
was considered moderately accurate for predicting the pres-
ence of cardiac disease (P < 0.0001). The optimal cut-off value
of serum cTnl concentration for identifying cardiac disease
was 0.085 ng/mL based on the maximal Youden Index (J =
1.62), with sensitivity of 0.68 (95% CI, 0.49 to 0.82) and specific-
ity of 0.94 (95% CI, 0.88 to 0.97) (Figure 2, Table 4).

A significant but weak correlation was detected between
BW and serum cTnl concentration measured in all rhesus
macaques (r = 0.27, P = 0.0017). No significant correlations
were detected between the cTnl concentration and age (P =
0.55) and HR (P = 0.84) of all rthesus macaques. With regard
to echocardiographic parameters, significant but weak cor-
relations were detected between the serum c¢Tnl concentra-
tion and LA /Ao (sax), IVSd, LVPWd, and FS in all rhesus

macaques (Table 5). In the ACD group, La/Ao (sax) (r = 0.39,
P = 0.041) was significantly correlated to the ¢Tnl concentra-
tion; in the HCM group, La/Ao (sax) (r = 0.52, P = 0.016) and
FS (r =-0.5, P = 0.021) were also significantly correlated to
the ¢Tnl concentration. In the OCD group, the serum ¢Tnl
concentration was not significantly correlated to any echocar-
diographic parameters.

Serum NT-proBNP concentrations. The NT-proBNP immuno-
assay was validated with an average spiking and recovery rate
of 106.5%. The linearity was characterized as a linear equation
with a slope of 0.0005, an intercept of 0.0307, and an R? value of
0.997. The CV was 10.8%, and the minimum detection limit was
31.25 pg/mL. The median serum NT-proBNP concentration for
all rhesus macaques was 178.1 (range 113.4 to 1121 pg/mL). No
significant differences were noted between males and females
(P = 0.86). No significant differences were noted between the
control rhesus macaques relocated to indoor housing for less
than 30 d and the control animals housed indoors for over 30
d before examination (P = 0.45). Serum NT-proBNP concentra-
tions were not significantly different between the control and
ACD groups (P = 0.81) (Figure 1). No significant differences of
NT-proBNP concentration were detected among control, HCM
and OCD groups (Table 3).

No significant correlation was detected between age (P =
0.85), BW (P = 0.99) or HR (P = 0.18) and NT-proBNP con-
centration. In all macaques, significant but weak correlations
were detected between the serum NT-proBNP concentra-
tion and E/A (Table 5). No significant correlations were
detected between the NT-proBNP concentrations and any
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Figure 1. Serum (A) c¢Inl and (B) NT-proBNP concentrations in rhesus macaques with hypertrophic cardiomyopathy (HCM), other cardiac
diseases (OCD), or without cardiac disease. Each black circle indicates the biomarker value. The bar indicates medians for each group. Rhesus
macaques were categorized into the control, HCM, and OCD groups. ¢Inl = cardiac troponin I; HCM = hypertrophic cardiomyopathy; OCD =
other cardiac disease; NT-proBNP = N-terminal probrain natriuretic peptide. *P < 0.0001.

Table 3. Median and interquartile ranges of ¢cITnl and NT-proBNP concentrations in rhesus macaques in the control, ACD, HCM, OCD groups.

ACD

HCM OCD

Control
cInl (ng/mL) 0.006 (0.006-0.006)
NT-proBNP (pg/mL) 175.7 (155.8-224.9)

0.013* (0.006-0.058)
184.9 (156.4-239.5)

0.011* (0.006-0.059)
190.1 (159.1-239)

0.02* (0.013-0.058)
178.1 (156.4-315.4)

*significant difference (P < 0.05) compared with the control groups. ACD = all cardiac disease; cTnl = cardiac troponin I; HCM = hypertrophic
cardiomyopathy; NT-proBNP = n-terminal probrain natriuretic peptide; OCD = other cardiac diseases.

echocardiographic parameters in the ACD and HCM groups.
In the OCD group, the serum NT-proBNP concentration was
significantly correlated to V,  (r = 0.76, P = 0.046).

Discussion

The aim of this study was to determine if the cardiac biomark-
ers, cInl and NT-proBNP, are elevated in rhesus macaques with
various cardiac diseases, including HCM, as compared with
animals without cardiac disease, and whether patient charac-
teristics and echocardiographic parameters are correlated to the
serum concentrations of these cardiac biomarkers. The results
of the present study showed that the serum cTnl concentration
was elevated significantly in the rhesus macaques with various
cardiac diseases, including HCM, as compared with control ani-
mals. However, no significant difference of the serum cTnl con-
centration was detected between rhesus macaques with HCM
and other cardiac diseases. Conversely, no significant difference
was found in the serum NT-proBNP concentrations between
rhesus macaques with and without cardiac diseases. Therefore,
the results of the present study suggest measuring serum cTnl
concentration, but not NT-proBNP concentration, could be use-
ful for identifying cardiac disease in rhesus macaques, but does
not distinguish between HCM and other cardiac diseases. In
addition, the serum cTnl concentration was significantly, but
weakly, correlated with BW and several echocardiographic pa-
rameters. No significant correlation was detected between the
serum NT-proBNP concentrations and patient characteristics or
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echocardiographic parameters, except for E/A, which demon-
strated a weak and clinically irrelevant correlation.

Serum cTnl is an excellent biomarker for detecting myocardial
ischemic injury caused by various cardiac and noncardiac dis-
eases, and has been used to assist diagnosing acute myocardial
infarction, 4% acute coronary syndrome,'>*' and other myocar-
dial injuries.®* It is also elevated in human and feline patients
with HCM.7#235 In addition, the serum cTnl concentration has
been reported to correlate with the severity of myocardial injury,
and has been used to diagnose occult cardiac diseases in hu-
mans and to conduct preclinical safety assessment studies with
drug-induced cardiac injury in various animal models.*>46>96!
Genetic and amino acid sequences of ¢Tnl are also known to be
highly conserved among species that include humans, nonhu-
man primates, dogs, and cats.***** These data suggest that cTnl
may be useful for the assessment of cardiac diseases in various
species, including rhesus macaques.

The current study identified significant but weak correla-
tions between serum cTnl concentration and several echocar-
diographic parameters including LA /Ao (sax), IVSd, LVPWd,
and FS. These findings indicate that the degree of serum cTnl
elevation could be correlated with the severity of cardiac disease
with regard to the severity of left atrial enlargement and systolic
function and the thickness of left ventricular wall. However, the
correlations were weak, and serum cTnl was not a good predic-
tor of the severity of cardiac disease. This could be due to lim-
ited severity of cardiac diseases in the animals enrolled in this
study. All rhesus macaques in the HCM and OCD groups were
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Figure 2. ROC analysis of cTnl in the control and ACD groups. The
sensitivity and specificity of cTnl at the cut-off value of 0.0085 was 68%
and 94%, respectively. ROC = receiver operative characteristic curve;
cTnl = cardiac troponin I; ACD = all cardiac disease

clinically healthy, without any signs of cardiac symptoms such
as congestive heart failure. Enrolling animals with a broader
spectrum of disease severity might help determine the true cor-
relation between the serum c¢Tnl concentration and the sever-
ity of cardiac disease. In human patients with HCM, elevated
cTnl concentration is also a predictor of sudden cardiac death
due to HCM.?# This relationship would be valuable if pres-
ent in rhesus macaques because the most commonly reported
clinical consequences from HCM in rhesus macaques is sudden
cardiac death. Elevation of serum ¢Tnl concentration in rhesus
macaques could be associated with increased risk of sudden car-
diac death. Further longitudinal study of these HCM-affected
rhesus macaques is warranted.

Serum cTnl concentrations were measured in rhesus ma-
caques with HCM in a previous small study.” This study did
not find significant differences in serum cTnl concentration be-
tween the control and HCM rhesus macaques but this failure
may be due to Type Il error, as few control and HCM cases were
enrolled. In addition, the previous study noted that outdoor
rhesus macaques had significantly higher ¢Tnl concentration
than indoor rhesus macaques.” This could be due to the exercise
performed by rhesus macaques housed in large outdoor enclo-
sures. In human patients, cTnl concentration could be elevated
for 24 h to 8 d after exercise.”® In the present study, all but 2
control rhesus macaques enrolled in the study were housed in-
doors for at least 8 d prior to echocardiographic examination.
Thus, the housing condition and physical activity levels were
unlikely to affect cTnl concentrations in our study. Furthermore,
the development and expression of cardiac diseases are known
to be influenced by environment and activity level. In the pres-
ent study, determining the role of the environment is difficult
because many of the macaques enrolled in this study spend time
in both the indoor and outdoor housing environment. Future
research should explore the influences of these environmental
factors on the development of cardiac diseases, including HCM.

Cardiac biomarkers in rhesus macaques

Our study measured the cTnl concentration in a large num-
ber of animals including control and HCM cases. In addition,
several rhesus macaques with non-HCM cardiac diseases were
also enrolled to determine if the elevation of cTnl was associated
with any specific type of cardiac disease. Our study revealed
significantly higher serum cTnl in the ACD group than in the
control group. The differences of the cTnl levels remained sig-
nificant when values were compared among control, HCM and
OCD groups. However, no significant differences in the cTnl
concentrations were found between the HCM and OCD groups.
This finding is consistent with those reported in human and
feline patients with HCM.*4¢ The serum cTnl concentration is
increased secondary to myocardial injury, and an elevation of
this cardiac biomarker was not specific to HCM, as it is also ele-
vated in patients with any type of significant underlying disease
leading to primary and secondary myocardial injury. Therefore,
measuring serum cInl concentration is unlikely to be a spe-
cific diagnostic tool for HCM, and further diagnostics, includ-
ing echocardiography, are warranted in animals with elevated
serum cTnl to determine the etiology of their myocardial injury.

NT-proBNP is released from myocytes after prohormone
BNP is cleaved by the enzymes furin and corin into NT-proBNP
and BNP. The synthesis of prohormone and the release of NT-
proBNP and BNP are caused by cardiac wall stress, including
stretching, ischemic and hypoxic stimuli of myocytes. Serum
NT-proBNP concentration has been measured in humans and
some animal species to aid in diagnosing and prognosticating
various cardiac diseases, including acute and chronic congestive
heart failure,**** myocardial infarction, dilated cardiomyopa-
thy*#? and hypertrophic cardiomyopathy.”?**3?* It has also been
used to differentiate cardiac origin of respiratory distress from
noncardiac origins.???*2 However, no studies have been re-
ported in rhesus macaques with cardiac diseases. In the present
study, a commercially available monkey-specific NT-proBNP
quantitative sandwich ELISA kit was used to measure the se-
rum concentration of NT-proBNP. This kit was validated based
on the spiking and recovery test, as well as linearity test per-
formed by the authors. However, no significant differences in
the serum NT-proBNP concentrations were noted between rhe-
sus macaques with and without cardiac diseases in this study.
Increased serum NT-proBNP concentrations have been identi-
fied in human HCM patients, and NT-proBNP concentrations
correlate positively with the severity of ventricular hypertrophy,
left ventricular diastolic dysfunction, left ventricular outflow
tract obstruction, and left atrial diastolic volume.”!3%47% In the
present study, no correlations between the serum concentra-
tion of NT-proBNP and various echocardiographic parameters
were identified. Based on these findings, the NT-proBNP con-
centrations measured by this ELISA kit cannot be used to as-
sess the presence or severity of cardiac disease. Failure to show
significant differences and correlations between the NT-proBNP
concentrations and the severity of the disease may be due to
nonspecific binding of an antibody used in this assay, result-
ing in false measurement of NT-proBNP in rhesus macaques.
Another possible reason for the failure to detect the significant
differences of the NT-proBNP concentration in this study is its
low sensitivity when discriminating between the control and
cardiac disease in animals that are not showing clinical symp-
toms. Therefore, further studies should be done with rhesus ma-
caques who are displaying apparent clinical signs due to cardiac
diseases. However, because normal NT-proBNP concentrations
were detected in some rhesus macaques in the OCD group that
had apparently enlarged left atria, while severely elevated NT-
proBNP concentrations were detected in some animals with
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Table 4. cTnl cut-off values with the sensitivity, specificity, and likelihood ratio to differentiate rhesus macaques with and without any cardiac

diseases.

cInl (ng/mL) Sensitivity 95% CI Specificity 95% CI Likelihood ratio
>0.0065 0.68 0.49-0.82 0.87 0.79-0.92 5.3
>0.0075 0.68 0.49-0.82 091 0.84-0.95 7.6
>0.0085 0.68 0.49-0.82 0.94 0.88-0.97 1
>0.0095 0.64 0.46-0.79 0.95 0.89-0.98 13
>0.011 0.61 0.42-0.76 0.95 0.89-0.98 12
>0.012 0.54 0.36-0.70 0.95 0.89-0.98 1
>0.013 0.54 0.36-0.70 0.97 0.92-0.99 18
>0.014 0.46 0.30-0.64 0.97 0.92-0.99 16
>0.017 0.43 0.27-0.61 0.97 0.92-0.99 14
>0.021 0.39 0.24-0.58 0.98 0.93-1.0 20
>0.025 0.36 0.21-0.54 0.98 0.93-1.0 18
>0.031 0.36 0.21-0.54 0.99 0.93-1.0 36
>0.034 0.32 0.18-0.51 0.99 0.93-1.0 32
>0.044 0.29 0.15-0.47 0.99 0.93-1.0 29
>0.055 0.29 0.15-0.47 1 0.93-1.0

>0.057 0.25 0.13-0.43 1 0.93-1.0

>0.060 0.21 0.10-0.40 1 0.93-1.0

>0.062 0.18 0.079-0.36 1 0.93-1.0

>0.076 0.14 0.057-0.31 1 0.93-1.0

>0.093 0.11 0.037-0.27 1 0.93-1.0

>0.14 0.071 0.013-0.23 1 0.93-1.0

>0.29 0.036 0.0018-0.18 1 0.93-1.0

The optimal cut-off value of cTnl was determined to be 0.0085 with the sensitivity of 68% and the specificity of 94% based on the Youden Index

J. ¢Tnl = cardiac troponin I

Table 5. Correlations between cTnl or NT-proBNP value and various
echocardiographic parameters obtained from all rhesus macaques
enrolled.

cTnl NT-proBNP
r P-value r P-value
LA/ Ao (sax) 0.25 0.0041° 0.11
LA/ Ao (lax) 0.95 0.48
IVSd (cm) 0.23 0.0078* 0.38
LVPWd (cm) 0.27 0.00222 0.39
FS (%) -0.18 0.04 0.27
E’/ A’ medial 0.68 0.99
E’/A’ lateral 0.34 0.22
V,, (m/s) 0.66 0.38
E/A 0.19 0.19 0.049°

@ significant correlation (P < 0.05). E/A = ratio of the peak early to late
transmitral flow velocity; E'/A’(lateral) = ratio of the peak early to late
lateral mitral annular motion velocity; E’/A’(medial) = ratio of the peak
early to late medial mitral annular motion velocity; HCM = hypertrophic
cardiomyopathy; IVSd = interventricular septal wall thickness during
diastole, LA/Ao (lax) = left atrial diameter to left aortic root diameter
ratio from right parasternal long-axis view; LA/Ao (sax) = left atrial
diameter to left aortic root diameter ratio from right parasternal short-axis
view; LVPWd = thickness of left ventricular posterior wall during
diastole; OCD = other cardiac disease, V, /= peak velocity for aortic flow

normal cardiac conditions, the NT-proBNP ELISA kit used in
this study might not provide an accurate reflection of true NT-
proBNP concentration. Alternatively, the rhesus macaque may
differ in response to cardiac disease or cardiac injury, rendering
NT-proBNP a poor cardiac biomarker.

Several limitations to the present study must be considered.
First, the number of rhesus macaques in the OCD group was
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small, and the failure to show significant differences in the
biomarker assays between the HCM and OCD group could
therefore be due to type II error. Second, cardiac diseases in the
rhesus macaques in this study were all subclinical. This could
underly the weak correlations between the cTnl and echocar-
diographic parameters that were reported. Measuring serum
cTnl concentrations in rhesus macaques with various degrees
of cardiac diseases in a longitudinal study could reveal greater
correlations between the cTnl level and echocardiographic pa-
rameters. These study findings could also enable us to use the
serum cTnl concentration to determine and monitor the severity
and progression of cardiac diseases, including HCM. Finally,
only one type of NT-proBNP assay was used in this study, and
failure to find differences of NT-proBNP between the control
and cardiac disease groups could be due to inadequate sensitiv-
ity and specificity of this particular assay. Further study, using
different manufacturers of NT-proBNP assays, and measuring
this biomarker in rhesus macaques with a broader spectrum of
disease severity should be investigated to determine the true
utility of NT-proBNP measurement when assessing the pres-
ence and severity of cardiac disease.

In conclusion, the present study demonstrated that serum
cTnl concentration is elevated in rhesus macaques with HCM
and other types of cardiac disease as compared with control
rhesus macaques. However, no significant differences of ¢Tnl
levels were found between rhesus macaques with HCM and
OCD. In addition, significant but weak correlations were identi-
fied between some key echocardiographic variables and the
serum cTnl level. Therefore, measuring serum cTnl concentra-
tion using the commercially available high sensitivity cTnl as-
say can be useful to assist in diagnosing HCM and OCD and
may be useful for monitoring the severity and progression of



cardiac disease. However, cTnl measurement does not replace
echocardiographic evaluation when attempting to diagnose car-
diac diseases in rhesus macaques, due to the poor sensitivity
of the assay and its weak correlations with echocardiographic
parameters.
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