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Abstract: Anticoagulant and antiplatelet therapies are used to prevent life-threatening complications
associated with thrombosis. While there are numerous clinical guidelines for antithrombotic med-
ications, there is an incomplete understanding of whether these interventions yield similar effects
in preclinical models, potentially impacting their predictive value for translational studies on the
development of medical devices, therapies, and surgical techniques. Due to their close physiologic
similarities to humans, we employed nonhuman primates (NHPs) using a reverse translational ap-
proach to analyze the response to clinical regimens of unfractionated heparin, low-molecular-weight
heparin (LMWH) and aspirin to assess concordance with typical human responses and evaluate the
predictive validity of this model. We evaluate activated clotting time (ACT) in nine rhesus and six
cynomolgus macaques following the intraoperative administration of intravenous unfractionated
heparin (100–300 U/kg) reflecting the clinical dose range. We observed a significant dose-dependent
effect of heparin on ACT (low-dose average = 114.1 s; high-dose average = 148.3 s; p = 0.0011).
LMWH and aspirin, common clinical antithrombotic prophylactics, were evaluated in three rhesus
macaques. NHPs achieved therapeutic Anti-Xa levels (mean = 0.64 U/mL) and ARU (mean = 459)
via VerifyNow, adhering to clinical guidance using 1.0 mg/kg enoxaparin and 81 mg aspirin. Clinical
dosing strategies for unfractionated heparin, LMWH, and aspirin were safe and effective in NHPs,
with no development of thrombosis or bleeding complications intraoperatively, postoperatively, or
for prophylaxis. Our findings suggest that coagulation studies, performed as an integrative part of
studies on biologics, bioengineered devices, or transplantation in NHPs, can be extrapolated to the
clinical situation with high predictive validity.

Keywords: anticoagulation; nonhuman primates; surgery; unfractionated heparin; low-molecular-
weight heparin; aspirin; antiplatelet

1. Introduction

Nonhuman primates (NHP) serve as essential models for the development of medical
devices, therapies, and surgical techniques [1–4]. They play a crucial role in assessing
their safety and efficacy before translation into the clinical setting. Devices, bioengineered
materials, and surgical manipulations can influence hemostasis, and concurrent antithrom-
botic therapy is often needed for optimal outcomes. Unfractionated heparin has been used
for decades for the prevention and treatment of thrombosis, with numerous applications,
including pulmonary embolism, cardiovascular disease, stroke, and surgical vascular inter-
ventions [5–11]. Low-molecular-weight heparin (LMWH) and aspirin are used similarly,
often for thromboprophylaxis, to reduce the risk of venous and arterial thromboembolism
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in clinical patients [10,12–16]. There are numerous guidelines for the dosing and monitoring
of unfractionated heparin, LMWH, and aspirin in the clinical setting, with well-known
safety and efficacy profiles [17–22]. However, there is a limited foundation for practice con-
cerning the dosing, monitoring, and adjustment of common anticoagulant and antiplatelet
therapies in NHPs, which could potentially impact the translation and predictive validity
of NHP models [23,24]. Given the close approximation of NHP coagulation and fibrinolysis
physiology to the human condition [25], NHPs are frequently employed as the preferred
model for investigating these parameters.

The utility of the NHP model is particularly evident in the field of solid organ trans-
plantation, where NHPs are physiologically and immunologically similar to humans [4,26].
With advancements in immunogenetic analysis enabling complete major histocompat-
ibility complex (MHC) characterization [27]—a critical determinant in transplant graft
rejection—NHPs have been instrumental in modeling the transplantation of various solid
organs, such as the kidney, liver, lung, and heart [28]. NHPs closely mirror the clinical
transplantation scenario, beginning with crossmatching practices and extending through
immunosuppressive drug administration, immune monitoring, and especially the trans-
plantation surgery itself. These procedures involve the manipulation and anastomosing
of blood vessels, necessitating intraoperative anticoagulation to prevent thrombosis and
subsequent graft failure. This practice may extend to the immediate post-operative period,
where continued anticoagulation or antiplatelet therapy is administered to mitigate the
risk of vascular thrombosis. Therefore, understanding the appropriate dosing strategies for
these drugs in experimental transplant models is paramount.

In this study, we evaluated the anticoagulant and antiplatelet responses in NHPs
exposed to unfractionated heparin, LMWH, and aspirin, aiming to model various clinical
scenarios. We functionally assessed the safety and efficacy of unfractionated heparin use
during kidney transplant surgery in NHPs, employing different dosing strategies represen-
tative of those conventionally utilized in surgeries involving vascular manipulation.

A subset of NHPs underwent a period of the administration of LMWH and aspirin,
modeling antithrombotic prophylaxis, with the option to adjust dosages based on measured
LMWH and aspirin levels. This approach aimed to replicate the clinical practices for dose
adjustment to achieve the therapeutic range.

2. Materials and Methods

The protocol and procedures related to the use of animals described in this study were
approved by the University of Minnesota’s Institutional Animal Care and Use Commit-
tee (IACUC). The use of animals was in adherence with the United States Department
of Agriculture’s (USDA) Animal Welfare Act and Animal Welfare Regulations, and the
standards outlined in both the Guide for the Care and Use of Laboratory Animals, and
USDA Animal Care Blue Book [29]. The response to unfractionated heparin was evaluated
retrospectively by analyzing 15 NHPs enrolled in our solid organ transplant program.
The response to LMWH and aspirin as antithrombotic prophylaxis was prospectively
assessed in a comparable group of three NHPs with similar demographics. All animals
were purpose-bred and acquired through institutionally approved commercial vendors.
Unless social incompatibilities were indicated, all animals were housed in same-sex pairs.
Enrolled animals’ general appearance and behavior were observed a minimum of twice
daily as part of routine health monitoring. Weights were collected at least once a month
and veterinary rounds were performed weekly for routine evaluation. Individual animals
had semi-annual physical veterinary examinations, as well as complete blood counts and
chemistry panels.

The screening process for anticoagulation disorders in animals involved a comprehen-
sive approach, incorporating clinical assessment, laboratory tests, and a medical history
review. The clinical assessment encompassed a thorough physical examination to detect
signs indicative of bleeding or clotting disorders, including bruising, petechiae, swelling,
and an examination of mucous membranes. Laboratory tests comprised a complete hema-
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tology and chemistry panel, including platelet studies, with baseline evaluations of relevant
coagulation parameters. Additionally, the medical history was reviewed, specifically focus-
ing on previous surgeries involving vascular access port placement, ensuring no abnormal
bleeding was observed.

All animals had access to water ad libitum and were fed twice daily (2055c or
7195 Envigo Harlan Teklad Nonhuman Primate Diet or 5048 LabDiet Certified Primate
Diet), with the type and quantity determined by individual preference, study goals, and
percentage of body weight. An environmental enrichment program included supplemental
food enrichment offered on a daily basis and provided animals with opportunities that
included music, novel items designed to promote foraging, grooming, problem solving,
and social play, fostering species-typical behavior. This program included routine access to
large play areas, allowing for additional exercise and swimming opportunities.

The housing areas were maintained at temperatures between 20 and 26.7 ◦C, with
30–70% humidity. Lights were programmed to a 12 h on and 12 h off circadian light
cycle, with 30 min dawn and dusk fading intervals. All animals had a subcutaneous
vascular access port placed into the femoral vein [30] for routine blood collection and were
trained for cooperation [31,32] with study tasks that include physical examination, drug
administration, and blood collection.

2.1. Unfractionated Heparin

To assess intraoperative heparin response, we conducted a retrospective analysis of the
activated clotting time (ACT) following heparinization in both rhesus (male = 8, female = 1)
and cynomolgus macaques (male = 6) for a total of 15 NHPs aged 4.6–7.4 years (median = 5.4)
and weighing 6.3–12.1 kg (median = 8.14) during kidney transplantation (Figure 1), which
was performed at our center aiming to advance novel treatment approaches in transplantation
medicine. Intravenous heparinization was performed as a part of renal transplant surgery
prior to vascular clamping. NHPs dosed with 100 U/kg heparin (Meitheal Pharmaceuticals,
Chicago, IL, USA) were categorized as ‘low-dose’. NHPs dosed with 300 U/kg heparin
were categorized as ‘high-dose’. NHPs dosed with 100 U/kg initially, followed by 50 U/kg
approximately 30 min later to reflect the scenario of the administration of additional doses,
were categorized as ‘re-dose’ (Figure 1). The average clamp times were 17 ± 4.3 min for the
inferior vena cava and 17 ± 6.1 min for the aorta. ACTs were collected and evaluated within a
60–150 min window post-heparin administration using an iSTAT ACT point-of-care analyzer
(Abbott Laboratories, Green Oaks, IL, USA).
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Figure 1. Overview of different intraoperative heparin dosing strategy groups. NHPs were divided 
into low-dose (100 U/kg), high-dose (300 U/kg), and re-dose (100 U/kg followed by 50 U/kg) groups. 
In preparation for anastomosis creation and prior to vascular clamping, intravenous unfractionated 
heparin was administered, and ACT was measured 60–150 min afterward. In the re-dose group, an 
additional 50 U/kg was administered 30 min after initial heparin injection. 

2.2. Low-Molecular-Weight Heparin and Aspirin 
To assess the hemostatic response to LMWH (Amphastar Pharmaceuticals, Rancho 

Cucamonga, CA, USA) and aspirin (Bayer Pharmaceuticals, Leverkusen, North Rhine-
Westphalia, Germany), we adapted a clinical regimen of enoxaparin and aspirin to attain 
target Anti-Xa and ARU levels in three healthy male rhesus macaques, aged 9–14 years 
old, and weighing 11.4–15.8 kg. Enoxaparin was administered subcutaneously, starting at 
0.5 mg/kg q12h and increasing to 1.0 mg/kg q12h on day one. Aspirin was administered 
orally at a dose of 81 mg daily, starting on day two. Blood samples were collected approx-
imately 4 h after enoxaparin administration on days 1, 3, and 5 (Figure 2A). For the deter-
mination of the plasma levels of LMWH, the anti-Xa activity on antithrombin was meas-
ured in a competitive assay using a synthetic chromogenic substrate at M Health Fair-
view’s clinical laboratory within 4 h of sample collection. Blood was collected on days 3, 
5, and 7 to measure Aspirin Reaction Units (ARU), a measure of thromboxane A2-medi-
ated glycoprotein IIb/IIIa receptor activation during platelet aggregation. ARU was calcu-
lated as a function of the rate and extent of platelet aggregation using the VerifyNow 
point-of-care testing platform (Accumetrics, Latham, NY, USA). Dosing adjustments ad-
hered to the clinical guidance [33–35] provided in Figure 2B,C. 

Figure 1. Overview of different intraoperative heparin dosing strategy groups. NHPs were divided
into low-dose (100 U/kg), high-dose (300 U/kg), and re-dose (100 U/kg followed by 50 U/kg) groups.
In preparation for anastomosis creation and prior to vascular clamping, intravenous unfractionated
heparin was administered, and ACT was measured 60–150 min afterward. In the re-dose group, an
additional 50 U/kg was administered 30 min after initial heparin injection.
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2.2. Low-Molecular-Weight Heparin and Aspirin

To assess the hemostatic response to LMWH (Amphastar Pharmaceuticals, Rancho
Cucamonga, CA, USA) and aspirin (Bayer Pharmaceuticals, Leverkusen, North Rhine-
Westphalia, Germany), we adapted a clinical regimen of enoxaparin and aspirin to attain
target Anti-Xa and ARU levels in three healthy male rhesus macaques, aged 9–14 years
old, and weighing 11.4–15.8 kg. Enoxaparin was administered subcutaneously, starting
at 0.5 mg/kg q12h and increasing to 1.0 mg/kg q12h on day one. Aspirin was adminis-
tered orally at a dose of 81 mg daily, starting on day two. Blood samples were collected
approximately 4 h after enoxaparin administration on days 1, 3, and 5 (Figure 2A). For
the determination of the plasma levels of LMWH, the anti-Xa activity on antithrombin
was measured in a competitive assay using a synthetic chromogenic substrate at M Health
Fairview’s clinical laboratory within 4 h of sample collection. Blood was collected on days 3,
5, and 7 to measure Aspirin Reaction Units (ARU), a measure of thromboxane A2-mediated
glycoprotein IIb/IIIa receptor activation during platelet aggregation. ARU was calculated
as a function of the rate and extent of platelet aggregation using the VerifyNow point-of-
care testing platform (Accumetrics, Latham, NY, USA). Dosing adjustments adhered to the
clinical guidance [33–35] provided in Figure 2B,C.
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Figure 2. Overview of LMWH and aspirin administration and dose adjustment. (A) Administration
and sampling timeline for the dose optimization of LMWH and aspirin. (B) Protocol for adjusting
LMWH dosage based on measured Anti-Xa level. (C) Protocol for adjusting aspirin dosage based on
measured ARU.
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2.3. Statistical Analysis

Nonparametric tests were employed for the statistical analysis of results. The relation-
ship between ACT and unfractionated heparin dose was assessed using one-way analysis
of variance (ANOVA) with Kruskal–Wallis correction. The Mann–Whitney test was utilized
to evaluate species-specific differences in ACT response. To assess the effects of enoxa-
parin and aspirin regimens, Mann–Whitney tests were performed to compare baseline and
combined treatment Anti-Xa and ARU levels. Secondary outcomes were reported through
descriptive statistics. Data were analyzed using the statistical software GraphPad Prism
version 9.5.1 (Boston, MA, USA).

3. Results
3.1. Unfractionated Heparin

The response to intraoperative unfractionated heparin is illustrated in Figure 3. To com-
pare responses to heparin between species, a t-test analysis was performed on rhesus (n = 4)
and cynomolgus (n = 5) macaques who received low-dose heparin (Figure 3A). Although
the mean ACT for rhesus macaques was noted to be slightly higher, at 117 ± 13.3 s, than
in cynomolgus macaques, at 111 ± 8.4 s, there was no significant difference in mean ACT
between rhesus and cynomolgus macaques in the low-dose group (p = 0.6111). Therefore,
data for rhesus and cynomolgus macaques were combined.
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Figure 3. Mean activated clotting time (ACT) following intraoperative unfractionated heparin
administration in rhesus and cynomolgus macaques. (A) Rhesus (n = 4) and cynomolgus (n = 5)
ACT response to low-dose unfractionated heparin. Rhesus macaques had a mean ACT of 117.5 s,
and cynomolgus macaques had a mean ACT of 111.4 s. There was no significant difference in ACT
between species in the low-dose group (p = 0.6111). (B) ACT response by dosing group for both
rhesus and cynomolgus macaques combined. The low-dose group had a mean ACT of 114.1 s. The
high-dose group had a mean ACT of 148.3 s. The re-dose group had a mean ACT of 132.7 s. There
was a significant difference between low-dose (n = 9) and high-dose (n = 3) groups (p = 0.0190), but no
significant difference between low-dose and re-dose (n = 3) groups (p = 0.2881) or between high-dose
and re-dose groups (p ≥ 0.9999). Data are presented as mean ± SD. * p < 0.05, ns = not significant.

Mean ACT for NHPs increased as heparin dose increased, with the mean ACT for
NHPs receiving low-dose heparin at 114 ± 10.59 s (n = 9), the mean ACT for NHPs who
received high-dose heparin at 148 ± 6.11 s (n = 3), and the mean ACT for NHPs who
were re-dosed at 133 ± 14.01 s (n = 3) (Figure 3B. The Kruskal–Wallis ANOVA test found
there was a significant difference found between animals who received low-dose heparin
compared to animals who received high-dose heparin (p = 0.0190). With a difference in
means of −8.111 s, animals who received high-dose heparin could achieve ACT values up
to 8 s greater than low-dose animals, on average, and are likely to take longer to return to
normal range. However, this difference is unlikely to be clinically significant.
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3.2. Low-Molecular-Weight Heparin and Aspirin

Figure 4A shows the average Anti-Xa levels at baseline and at the end of low-molecular-
weight heparin and aspirin treatment. NHPs had a mean anti-Xa level of 0.29 ± 0.95 IU/mL
at baseline and 0.82 ± 0.20 IU/mL with treatment. T-test analysis shows there was signif-
icant increase in Anti-Xa levels with treatment (p = 0.0238). Figure 4B shows individual
Anti-Xa levels by treatment day, with a maximum Anti-Xa of 1.04 IU/mL and a minimum
Anti-Xa of 0.64 IU/mL at the end of treatment.
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Figure 4. Anti-Xa levels following the subcutaneous administration of low-molecular-weight heparin
(LMWH) in rhesus macaques (n = 3). (A) Mean anti-Xa levels with standard deviation at baseline
and post low-molecular-weight heparin and aspirin treatment. Animals had a mean Anti-Xa level
of 0.29 IU/mL at baseline and mean Anti-Xa level of 0.82 IU/mL with treatment. (B) Individual
Anti-Xa levels across treatment days with target levels of 0.5–1.0 IU/mL, as shown by the dotted lines.
There was a significant increase in Anti-Xa levels with treatment (p = 0.0238). Data are presented as
mean ± SD. * p < 0.05, ns = not significant

Figure 5A shows the average ARU with standard deviation at baseline and at the end of
low-molecular-weight heparin and aspirin treatment. NHPs had a mean of 636 ± 7.21 ARU
at baseline and 459 ± 38.9 ARU with treatment. The t-test analysis shows there was a
significant decrease in ARU levels with treatment (p = 0.0091). Figure 5B shows individual
ARU values according to treatment day, with a minimum of 404 ARU and a maximum of
440 ARU at the end of treatment. No adverse events were observed.
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therapeutic levels with a similar safety profile to that observed in the clinical setting. This 
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We evaluated three different intraoperative heparin dosing strategies in NHPs un-
dergoing kidney transplantation at our center to advance novel treatment approaches in 
transplantation medicine. In general, heparin is commonly utilized during vascular sur-
gery in order to mitigate thrombotic complications [38]. In kidney transplantation, both 
arterial and venous anastomoses are performed, and thrombosis of either vessel during 
the immediate postoperative period is a devastating complication, often leading to graft 
loss [39,40]. Despite this, few guidelines exist for best practices related to vascular surgery 
in NHPs. Accordingly, our study aimed to assess whether the ACT profile in NHPs mir-
rors that observed in humans. To achieve this, we evaluated the effects of low-dose hepa-
rin (100 U/kg), high-dose heparin (300 U/kg), and the intraoperative redosing of heparin 
(100 U/kg followed by 50 U/kg) in NHPs. These administration strategies align with the 

Figure 5. Aspirin reaction units (ARU) following oral aspirin administration in rhesus macaques.
(A) Mean ARU with standard deviation at baseline and after low-molecular-weight heparin and
aspirin treatment. Animals had a mean of 636 ARU at baseline and a mean of 459 ARU with treatment.
(B) Individual ARU values over the course of treatment with target ARU levels of <550, as shown by
the dotted line. There was a significant reduction in ARU levels with treatment (p = 0.0091). Data are
presented as mean ± SD. ** p < 0.01, ns = not significant.
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4. Discussion

The purpose of this study was to assess the utilization of unfractionated heparin,
LMWH, and aspirin in NHPs to determine concordance with common clinical practices.
Additionally, the study aimed to offer guidance on optimal dosing and monitoring protocols
to ensure safety when administering these agents to NHPs. Given their close phyloge-
netic relationship, and thus, their close anatomic and physiologic similarity [4,26,36,37],
NHPs are a crucial translational model for the understanding of disease states and the
development of new surgical techniques and medicines. Modeling various conditions
often necessitates anticoagulation or platelet inhibition. However, the existing literature on
their application in NHPs is limited. Our findings suggest that replicating clinical dosing
strategies for unfractionated heparin, LMWH, and aspirin effectively achieves therapeutic
levels with a similar safety profile to that observed in the clinical setting. This underscores
the predictive validity and relevance of the NHP model in accurately assessing the safety
and efficacy of novel approaches requiring concurrent antithrombotic therapy.

We evaluated three different intraoperative heparin dosing strategies in NHPs un-
dergoing kidney transplantation at our center to advance novel treatment approaches in
transplantation medicine. In general, heparin is commonly utilized during vascular surgery
in order to mitigate thrombotic complications [38]. In kidney transplantation, both arterial
and venous anastomoses are performed, and thrombosis of either vessel during the imme-
diate postoperative period is a devastating complication, often leading to graft loss [39,40].
Despite this, few guidelines exist for best practices related to vascular surgery in NHPs.
Accordingly, our study aimed to assess whether the ACT profile in NHPs mirrors that ob-
served in humans. To achieve this, we evaluated the effects of low-dose heparin (100 U/kg),
high-dose heparin (300 U/kg), and the intraoperative redosing of heparin (100 U/kg fol-
lowed by 50 U/kg) in NHPs. These administration strategies align with the clinical dosing
protocols observed in a range of cardiac and vascular procedures [6,38,40–42].

In all three dosing groups, successful anticoagulation was achieved throughout the
approximately 30 min cross-clamp time, as evidenced by the surgical success achieved
for all animals. ACT levels returned to normal or near-normal 60–150 min after heparin
administration or re-dose. While the literature reports variable upper limits of normal
(up to 180 s [43–46]), 70–120 s is typically used in clinical practice [47,48]. No significant
differences in ACT were detected between rhesus and cynomolgus macaques with dosing
intervention held constant. Similarly, no sex-based differences in ACT were observed in
either species with fixed dosing, consistent with the findings of other coagulation studies
in rhesus and cynomolgus macaques [49–52]. A dose-dependent effect was observed with
heparin, as the average measured ACT was higher in the high-dose group, followed by
the re-dose group and the low-dose group. Clinically, no NHPs in any group experienced
bleeding complications intra- or post-op. Furthermore, heparin has a relatively short
half-life, reported to be between 60 and 150 min depending on dose [53,54]. Given this, it
would be expected that those with near-normal ACTs would soon reach the normal range,
mitigating further risk due to anticoagulation.

In this study, we also explored antithrombotic prophylaxis with LMWH and aspirin
by performing a dose optimization study aiming to achieve therapeutic levels. Clinically,
LMWH is used in a variety of applications, including the treatment and prevention of arte-
rial and venous thromboembolism [10,12,14,15]. Aspirin is often used in the management
of coronary, cerebral, and peripheral artery disease [13,16,18]; when combined with unfrac-
tionated heparin or LMWH, aspirin is also commonly used for thrombosis prophylaxis
after coronary artery surgery/intervention [55–57] and after major non-cardiac vascular
surgery [38]. To mimic the clinical need for therapeutic anticoagulation and platelet inhibi-
tion over a period of time, we administered LMWH and aspirin to NHPs over 7 days while
monitoring anti-Xa and ARU levels. Our goal was to maintain therapeutic levels and, if
necessary, adjust subsequent doses based on an algorithm derived from pediatric experi-
ence [33–35]. Therapeutic anti-Xa and ARU levels were achieved and remained within the
target range throughout the 7-day period in all subjects, requiring no adjustments. No NHP
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experienced complications or adverse events. Based on our results, combination therapy
with LMWH and aspirin could be a viable option for maintenance therapy in NHPs when
anticoagulation and platelet inhibition is required by the study.

While our findings contribute new data to the field, this study is not without its
limitations. In our heparin studies, we focused solely on safety following dosing and did
not capture measurements immediately after injection. Consequently, we were unable to
present a complete profile of heparin following injection, which would indicate the level of
anticoagulation while clamped in addition to assessing the risk of bleeding complications
following anticoagulation. Although no anastomotic thrombosis occurred in any of our
subjects, considering the half-life of heparin, it is likely the ACT reached levels of 250 or
greater during cross-clamp. However, obtaining ACT measurements just prior to surgical
manipulation that carries a risk of thrombosis remains ideal to ensure that the appropriate
target levels for the procedure are achieved. The sample size in the retrospective analysis
was confined to 18 animals to ensure comparability in terms of age and weight within the
defined dose groups. Although there was not an equal distribution regarding species or
sex in the groups, antithrombotic regimens have not shown sex-specific effects [49–52].
The absence of a species-specific effect was apparent when comparing across species in
our low-dose condition. The inclusion of only one female precludes us from drawing
conclusions about sex-specific effects.

The clinical dosing strategy for LMWH and aspirin yielded therapeutic anti-Xa and
ARU levels without the need for adjustment. Consequently, the effectiveness of our dose
adjustment algorithm remains uncertain, as no adjustments were necessary. Future studies
could explore extending the treatment or sampling timeline to further refine the precision
of anticoagulant use in NHP models.

5. Conclusions

Unfractionated heparin, LMWH, and aspirin have demonstrated safety and efficacy in
NHPs when administered using clinically applicable dosing strategies for anticoagulation
and platelet inhibition, supporting their use in modeling requiring intraoperative vascular
manipulation or chemical thromboembolic prophylaxis. The use of these antithrombotic
medications in applicable preclinical NHP models further enhances their predictive trans-
lational value in the development of novel procedures, techniques, and devices.
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