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Introduction: Excessive bleeding in trauma and surgical settings leads to increased operative time, reoperation rates, and overall 
healthcare costs. A wide range of hemostatic agents have been developed to control bleeding that can vary considerably in type of 
hemostatic action, ease of application, cost, risk of infection, and dependence on patient coagulation. Microfibrillar collagen-based 
hemostatic materials (MCH) have yielded beneficial results in a variety of applications.
Methods: A new flowable collagen product, containing a modified MCH flour, but in a more convenient flowable delivery system, was 
evaluated for hemostatic efficacy in preclinical models of solid organ injury and spinal cord exposure. The primary objective of this study 
was to compare the hemostatic potential and local tissue responses to this novel, flowable collagen-based hemostatic agent to the original 
flour formulation to confirm that the new method of delivery did not interfere with the hemostatic properties of the MCH flour.
Results: When observed visually, the flowable MCH flour mixed with saline (FL) provided more precise application and uniform 
coverage to injured tissues compared to the dry MCH flour alone (F0). All of the treatments (FL, F0, and gauze) exhibited comparable 
Lewis bleed grade at all three time points evaluated in the capsular resection liver injury model (bleed grade: 1.0–1.3; p> 0.05 in all 
cases). FL and F0 exhibited comparable 100% acute hemostatic efficacy and similar long-term histomorphological properties (up to 
120 days) in a capsular resection liver injury in pigs, while gauze resulted in significantly lower rates of acute hemostatic efficacy (8– 
42%, p<0.05 in all cases). In an ovine model of dorsal laminectomy and durotomy, FL and F0 again exhibited comparable results 
without any neurological effects.
Conclusion: Flowable microfibrillar collagen was shown to yield favorable short- and long-term outcomes in two representative 
applications where hemostatic efficacy is critical to surgical success.
Keywords: hemostatic agent, bleeding, microfibrillar collagen, liver injury, spine surgery

Introduction
Bleeding is a common challenge in surgical settings and can lead to severe health complications. Nearly 30% of surgical 
patients suffer from bleeding-related complications.1 Surgical specialties with high rates of bleeding include cardiac (47%), 
solid organ (28.5%) and spine (15%) among others.1 Uncontrolled bleeding during surgery can impair wound healing, 
increase infection rates and risk of organ failure, and impact mortality rates.2,3 Such complications exert significant impact on 
the healthcare system by increasing medical cost, exemplified by increased surgical times, increased need for post-operative 
monitoring, advance specialist consultation, longer hospital stays, and increased intensive care needs.1,2

The ability to control bleeding quickly and thoroughly in trauma conditions or during surgical procedures is critical. 
Hemostasis is important for providing hemodynamic stability, maintaining visibility of the operative field, and reducing 
blood loss and associated blood transfusions.4,5 Blood transfusions are often performed to combat uncontrolled blood 
loss in the operating room, but are a limited and expensive resource, increase risk of infection, and are associated with 
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increased morbidity and mortality.6,7 Thus, elimination of unneeded transfusions would provide significant benefit. 
Effective hemostatic agents that control bleeding could reduce the number of transfusions, decrease time in the operating 
room, reduce reoperation rates, improve recovery times, and reduce overall healthcare costs.6,8

The selection of hemostatic agents can be challenging due to the large range of products that are available (see 
below). The optimal product for each specific application will depend on the type of surgical procedure, severity and 
location of bleeding, coagulation status, extent of patient comorbidities (eg, hypertension, diabetes) and other procedure- 
or patient-specific considerations (eg, religious/cultural beliefs regarding human/animal derived products). As much as 
40% of inadequate hemostasis could be due to inappropriate use of hemostatic agents.1 Thus, it is imperative to select the 
hemostatic agent that optimizes patient outcomes, rather than select products based on surgeon familiarity/preference, 
availability, ease of use or speed of application (although each of these factors can be beneficial in appropriate 
circumstances).

There are many different hemostatic products currently available for clinical use, which are often classified into four 
general categories: mechanical, biologically active, flowable agents, and sealants.2,9–11 Mechanical hemostats (eg, bone 
wax, gelatin sponges, oxidized regenerated cellulose), which are generally more affordable and easier to apply than other 
products, use physical means to limit bleeding and/or help activate the extrinsic coagulation cascade by serving as 
a scaffold for clot formation. These products are most successful in treating minimal bleeds in patients with intact 
coagulation systems and adequate space for access.9 Biologically active hemostats (eg, bovine, human or recombinant 
thrombin) reduce bleeding by activating clotting factors, aiding in conversion of fibrinogen into fibrin for clotting, and 
promoting platelet aggregation and adherence. These products are typically useful for local or diffuse bleeding and are 
beneficial for patients with impaired coagulative abilities, but are moderately priced and can have minor risk for disease 
transmission and/or inciting an immune response. Flowable hemostats seek to stop bleeding by combining two mechan
isms: a hemostatic material (eg, gelatin) provides a mechanical tamponade effect and an active component (eg, thrombin) 
initiates the clotting response. These products are generally easy to deliver and can conform to variable wound sites, but 
do require reconstitution prior to use and are generally more expensive than other approaches. Sealants are absorbable 
dressings that seal tissue and close active sources of bleeding like blood vessels and lymphatics. These products can be 
composed of biologic (eg, lyophilized fibrinogen and thrombin) or synthetic materials (eg, cyanoacrylates), are designed 
to be fast acting, and useful for patients with limited coagulation/clotting.

Mechanical hemostatic materials based on microfibrillar collagen (eg, AviteneTM) have shown beneficial results in 
a variety of applications12 and offer additional benefits beyond those of a typical mechanical hemostat due to the 
inclusion of collagen. As the predominant structural protein of the extracellular matrix, collagen-based mechanical 
hemostats promote platelet aggregation and reinforce clotting in a way that is not possible with a purely mechanical 
hemostat.13 Other advantages include ease of storage and delivery and long shelf life. Microfibrillar collagen is available 
as a flour (ie, microsalt collagen powder), compressed sheets, or sponges,11 which enables product use in various 
anatomical settings and surgical applications. These biologically-based, absorbable microfibrillar collagen hemostatic 
materials can control bleeding when conventional procedures are ineffective. However, one limitation when attempting to 
deliver this product to variable or non-uniform wounds; sheets/sponges may not be appropriate for uneven sites, and flour 
products can be difficult to deliver in areas with limited access (ie minimally invasive surgery).

A new device (AviteneTM Flowable Collagen Hemostat; BD, Warwick, RI), combines the benefits of hemostasis 
provided by microfibrillar collagen in a more convenient, flowable delivery system that is intended to overcome the 
challenges associated with anatomical space limitations and offering a wider range of potential uses. Specifically, an 
MCH flour is mixed with saline and then delivered in controlled amounts via syringe to the bleeding site. The primary 
objective of this study was to compare the hemostatic potential and local tissue responses to this novel, flowable 
collagen-based hemostatic agent to the original flour formulation to confirm that the new method of delivery did not 
interfere with the hemostatic properties of the MCH flour. To this end, flowable collagen was evaluated in large animal 
models of representative injuries where hemostatic products can have a significant clinical impact, namely solid organ 
(ie, liver) bleeding and neurosurgery (ie, spine surgery and spinal cord exposure).

https://doi.org/10.2147/MDER.S411735                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Medical Devices: Evidence and Research 2023:16 124

Lake et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Methods
Materials
This study evaluated the hemostatic ability of AviteneTM Flowable Collagen Hemostat (BD, Warwick, RI), which is 
produced by combining a modified version of AviteneTM MCH flour (dry, sterile, 100% purified bovine corium collagen) 
with sterile saline (0.9% sodium chloride solution). AviteneTM products are absorbable hemostatic agents indicated for 
use in surgical procedures to control bleeding. To prepare the test product, 1 gram of MCH flour was modified through 
additional and modified milling processes to increase the solubility of the base flour and then mixed with 7 mL of saline 
in a polycarbonate syringe. The resulting flowable mixture was applied as AviteneTM Flowable Collagen Hemostat 
(designated as FL). As a control group comparison, 1 gram of AviteneTM Microfibrillar Collagen Hemostat Flour (ie, dry, 
0 mL saline, designated F0) was provided in a cup and applied to the injury sites. In addition, for the long-term solid 
organ assessment, sterile woven gauze sponges (USP Type VII, Medline, Northfield, IL) were also considered and 
compared to the collagen-based products. All of the protocols for this project were reviewed and approved by the 
Institutional Animal Care and Use Committee of CBSET, Inc. (Lexington, MA) prior to the commencement of 
experiments (IACUC protocol # I00310), and all procedures complied with the National Institutes of Health (NIH) 
guidelines for animal welfare.

Treatment of Liver Injury
The objective of this procedure was to evaluate short- and long-term responses when using a flowable microfibrillar 
collagen product to stop bleeding in a porcine model of a solid organ (liver) injury. Following intra-operative capsular 
resection liver injury, animals were treated with one of three different devices and observed until sacrifice at 30, 90 or 
120 days (n=12/group).

Female Yorkshire swine (Sus scrofa domesticus; n=36; 4–5 months of age; 39.0–59.4 kg) were fasted prior to surgery 
but allowed water ad libitum. Pre-operatively, buprenorphine (0.03 mg/kg, intramuscular), carprofen (2.2 mg/kg, oral or 
intramuscular) and tiletamine-zolazepam (4 mg/kg, intramuscular) were administered as analgesia, non-steroidal anti- 
inflammatory, and pre-anesthetic, respectively. Isoflurane anesthesia (delivered in 100% oxygen) was used for sedation. 
The animals were placed in dorsal recumbency, and body temperature was maintained while under anesthesia. After 
induction of anesthesia, access was made in a carotid artery via cut-down for direct arterial blood pressure monitoring. 
Mean arterial pressure (MAP) was maintained at levels similar to human (ie, 80–100 mmHg); when MAP adjustment 
was needed, phenylephrine HCl was administered via intravenous drip (0.06–0.6 μg/kg/min) or bolus (0.02–0.04 mg). 
A baseline activated clotting time (ACT) test and hematocrit were measured to ensure there were no obvious pre-existing 
clotting issues. ACT levels were measured approximately every 30±5 minutes, with final hematocrit and ACT collected 
prior to closure. To induce the liver injury, a ~30 cm ventral midline laparotomy incision was made to expose the 
abdominal cavity. Bleeding sites were prepared by creating 1 cm × 1 cm square capsular resection injuries in the liver. 
Each injury was allowed to bleed freely for 30 seconds to collect blood into pre-weighed gauze to determine the volume 
of blood lost from each injury site. The severity of bleeding was scored using the Lewis bleeding severity scale:14 0 = no 
bleeding, 1 = mild, 2 = moderate, 3 = severe, and 4 = life threatening. Only injuries that scored a 1 (mild) or 2 (moderate) 
on the Lewis scale were utilized for treatments. If an injury did not produce sufficient bleeding, an additional injury was 
created, or the site was further manipulated to create more bleeding. Each animal was treated with one type of hemostat 
device: 3 mL of a mixture of 1 g modified AviteneTM flour combined with 7 mL saline (FL), 0.33 g dry AviteneTM Flour 
(F0), or woven gauze sponge (“gauze”). Wound appropriate pressure was applied for 3 minutes followed by visual 
observation for up to 10 minutes to evaluate hemostatic efficacy by determining the percentage of wounds that had 
reached hemostasis. If hemostasis was not achieved after the first 3 minutes or if bleeding was observed during the 
observation period, additional 1-minute pressure cycles were applied. Clinical observations were performed daily for the 
first 14 post-operative days and then weekly thereafter. Following sacrifice at 30, 90 and 120 days (± 2 days) via 
intravenous overdose of potassium chloride solution, the original wounds were exposed, and several features were 
assessed including hemorrhage and extent of peritoneal tissue attachments (0 = no attachments, 1 = loose only, 2 = firm 
with minimal vascularity, 3 = firm with extensive vascularity, 4 = firm with extensive vascularity and fibrosis, 5 = firm 

Medical Devices: Evidence and Research 2023:16                                                                              https://doi.org/10.2147/MDER.S411735                                                                                                                                                                                                                       

DovePress                                                                                                                         
125

Dovepress                                                                                                                                                             Lake et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


attachments directly to visceral organs). In addition, tissues were fixed in 10% neutral buffered formalin (NBF), 
processed, and embedded in paraffin wax. Histological sections were evaluated for presence or absence of hemostatic 
material, inflammation, fibrosis, and mineralization using a four-point semi-quantitative scale: 0 = no response/not 
present, 1 = minimal/focal/barely detectable, 2 = mild/focal or rare multifocal/slightly detectable, 3 = moderate/multi
focal to confluent/easily detectable, and 4 = marked/diffuse/overwhelming presence.

Treatment of Spinal Cord Injury
The objective of this procedure was to evaluate the ability of a flowable microfibrillar collagen product to provide hemostatic 
function when applied directly to the spinal cord in an ovine model of dorsal laminectomy and durotomy, without causing any 
damaging neurological or tissue effects. Adult castrated male (n=26) and nulliparous females (n=11) sheep (Ovis Aries; 7–53 
months of age; 50.1–85.5 kg) were subjected to a hemi-laminectomy of the L2 and L3 vertebrae, followed by an incision in the 
dura mater to expose the spinal cord. Animals were randomly assigned to receive treatment with either modified AviteneTM 

flour combined with 7 mL saline (FL) or dry AviteneTM Flour (F0) and then evaluated after 45, 90 or 120 days (n=6–7 animals/ 
treatment/time point). Sheep were fasted prior to surgery, then given buprenorphine (0.01–0.03 mg/kg) and banamine (1.0 mg/ 
kg) prior to intubation. Anesthesia with inhalant anesthetic (Isoflurane 1–5%) was administered throughout the procedure. 
A 20–25 cm dorsal midline incision was made over the upper lumbar vertebrae and an L2/L3 laminectomy performed to 
expose the dura mater. After collecting 1 mL of cerebrospinal fluid, a 1-cm incision was made in the dura mater to expose the 
spinal cord. One of the two products (FL or F0) was then applied directly to the spinal cord and observed for 10 minutes to 
determine the ability to target the injury site. The surgical incision was closed with multiple layers of absorbable sutures and 
tissue glue was applied to the skin (if needed). Following the procedure, animals had health checks regularly and incision site 
observation for 7 days (or until complete healing). Neurological examinations were performed daily for 7 days, then on days 
14, 30, and the day of sacrifice (45, 90 or 120 ± 3 days) to assess acute and progressive deficits in the central nervous system. 
Euthanasia was performed under anesthesia with 1 mL/4.5 kg euthasol or sodium pentobarbital and 2 mEq/kg potassium 
chloride administered intravenously. Treated areas of spinal cord were harvested, fixed in 10% NBF and prepared for 
histological evaluation. Paraffin-embedded sections were stained with hematoxylin and eosin and scored semi- 
quantitatively on a 0–4 scale (see previous section). Evaluated parameters included measures of inflammation (treatment 
site inflammation, leptomeningeal inflammation, histiocytes, giant cells, lymphocytes), hemostatic product (hemorrhage, 
presence and infiltration of treatment material), and impact to host tissues (spinal cord compression, axon sheath swelling, 
axonal degeneration, neuronal degeneration).

Statistical Analysis
For hemostatic efficacy, the number of injuries that passed/failed at each evaluation time point was compared using 
Fisher’s exact test. Statistical results with p<0.05 were considered statistically significant. Semi-quantitatively scored 
metrics (ie, bleed grade, histological measures, peritoneal tissue attachment severity) were not compared statistically but 
instead were compared qualitatively.

Results
Treatment of Liver Injury
The surgical procedure was able to create consistent and repeatable square capsular resection injuries in porcine liver tissue 
(Figure 1). Visual observation of the injuries shows differences in acute responses following treatment with the flowable (FL) 
and flour (F0) collagen microfibrillar materials or with gauze (Figure 1). While both collagen materials filled the wound sites, the 
flowable formulation was more cohesive and solid-like, while the collagen flour was looser and more granular. In contrast, 
temporary application with gauze left the wound appearance similar to the untreated case. The creation of capsular resection 
liver injuries led to consistent levels of bleeding as assessed by Lewis severity scores, with average values ranging between 1.0– 
1.3 and no significant differences between wounds assigned to the 30-, 90- or 120-day groups (Figure 2A). While the application 
of woven gauze resulted in hemostasis at a low rate of 8–42%, the use of either FL or F0 led to 100% hemostatic efficacy for all 
wounds (Figure 2B). Thus, both collagen products were much more effective at stopping acute bleeding than can be achieved 
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through the use of gauze alone. For the long-term evaluation, animals recovered well and there was no mortality throughout the 
study. Semi-quantitative histological scores demonstrated mostly consistent results for the three products at 30, 90 and 120 days 
(Figure 3). Specifically, there was no hemorrhage detected for any product at any time point. Residual hemostatic material was 
only observed at 30 days in the organs treated with flowable material (FL, F0). Inflammation and fibrosis scores were similar 
between groups and gradually improved with time. Mineralization was observed in all three groups at 30 days, then only 
minimally in the gauze-treated livers at 90 and 120 days. Lastly, average peritoneal tissue attachment severity scores were 
relatively consistent at all three time points, with no significant differences between treatment groups (Figure 4).

Treatment of Spinal Cord Injury
In an ovine model of dorsal laminectomy and durotomy, direct spinal cord application of flowable collagen material was 
associated with favorable tissue responses (comparable to the application of a hemostatic flour product) and lack of any additional 

Figure 1 Images of capsular resection liver injury: (A) (untreated) or 10 minutes after application of treatment using (B) FL, (C) F0, or (D) Gauze (scale bar = 1 cm).

Figure 2 Acute response to capsular resection liver injury: (A) Bleed grade (mean ± standard deviation) and (B) Hemostatic efficacy (% of wounds with hemostasis) 10 
minutes after applying FL, F0 or gauze (n=12/group; *For p<0.05).

Figure 3 Semi-quantitative histological scores 30, 90 and 120 days after treating capsular resection liver injury with FL, F0 or gauze (mean ± standard deviation (SD); n=12/group).
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neurological effects. Some macroscopic differences were visually apparent following application of flowable (FL) or flour (F0) 
hemostatic products (Figure 5). Specifically, flowable collagen provided a smoother coating of material and more extensive 
coverage than the flour immediately after application; this effect was particularly evident at the 10-minute time point. All animals 
survived to predetermined endpoints; there was no mortality and no abnormal macroscopic observations noted. H&E-stained 
sections taken from the anatomical region posterior to (but including) the spinal cord showed the long-term biological response to 
treatment using the evaluated products (Figure 6). Visible in these sections are the edges of the laminectomy and the location of the 
applied collagen material. When scored histologically, measures of the inflammatory response were mostly consistent between the 
two groups and at each time point (Figure 7). Specifically, treatment site inflammation was mild for both groups at 45 days 
(average scores of 1.67–1.8) and minimal (<1) at later time points. Minimal leptomeningeal inflammation was detected at 45 and 
90 days but was not observed at 120 days. Inflammatory cells (histiocytes, giant cells and lymphocytes) were minimally to slightly 
detectable at 45 days, absent at 90 days, then absent to barely detectable levels at 120 days. Other observations were made for the 
histological sections related to persistent hemostatic material and the impact on local tissues (Figure 8). For FL, minimal 
hemorrhage was evident at 30 days, but not at subsequent time points. Hemorrhage was present at low levels for F0-treated 
animals at all time points. The highest overall scoring metrics in this study were for the presence and infiltration of the treatment 
material, with average scores ranging from 1.33–3.67 at 45 days for the two products; however, both measures decreased to low or 
undetectable levels at 90 and 120 days. Lastly, all semi-quantitative measures of the tissue response (ie, spinal cord compression, 
axon sheath swelling, axonal degeneration, neuronal degeneration) were observed to be mild or not present at all time points and 
not different between groups.

Among the dorsal laminectomy/durotomy groups, two animals did not complete the study: one 45-day F0 animal and 
one 120-day FL animal. Both animals that were lost to the study exhibited progressive hind limb ataxia and paresis after 
surgery. Veterinarian-recommended euthanasia was performed on day 10 and 3, respectively. For the 45-day F0 animal, 

Figure 4 Peritoneal tissue attachment severity scores 30, 90 and 120 days after treating capsular resection liver injuries using FL, F0 or gauze (mean ± standard deviation 
(SD); n=12/group).

Figure 5 Images of spinal cord injury: (A) Without treatment (left) or 0 and 10 minutes after treatment using FL (middle (B and C)) or F0 (right (D and E)) (scale bar = 1 cm).
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assessment following necropsy revealed evidence of local hemorrhage unrelated to the device but associated with the 
surgical procedure and marked dorsoventral spinal cord compression that was consistent with the clinical presentation. 
For the 120-day FL animal, the treatment site exhibited mild dorsoventral compression (consistent with clinical deficits), 
mild hemorrhage, and notable treatment material presence without any evidence of adverse tissue response (eg, necrosis, 
excessive inflammation); thus, the outcome was attributed to the surgical laminectomy model and not device-related. Due 
to experimental constraints, only the latter could be replaced with an additional animal. Thus, each group included 12 
(45- and 90-day) or 13 (120-day) animals, with a total of 37 sheep used.

Figure 6 (left) Hematoxylin and eosin (H&E; scale bar = 2 mm) stained sections 45, 90 and 120 days after treating spinal cord injury with FL (A–C) and F0 (D–F); the 120- 
day F0 section is labeled with spinal cord (SC), edges of laminectomy (LM) and implanted material (MA) as an example; (Far right G)) photograph of representative spine 
specimen with dotted box showing the approximate location of stained sections in the vicinity of the spinal cord (scale bar = 1 cm).

Figure 7 Semi-quantitative inflammatory histological scores 45, 90 and 120 days after treating spinal cord injury with FL and F0 (mean ± standard deviation (SD); n=5–6/group).
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Discussion
The primary objective of this study was to compare the hemostatic potential and local tissue responses to a novel, flowable 
collagen-based hemostatic agent to the original flour formulation to determine whether the method of delivery interfered 
with the hemostatic properties of the MCH flour. Comparable results were obtained for both formulations of microfibrillar 
collagen hemostatic material – flour and flowable – in representative animal models of solid organ (liver) injury and spine 
injury. For the flowable product, results demonstrated that there was no loss of hemostatic effect with the addition of saline 
pre-application (Figure 2B). Furthermore, the flowable material presented more uniform coverage and appearance (Figures 
1 and 4) with precise application to injured tissues. The positive implementation of the flowable microfibrillar collagen 
formulation in these two preclinical models builds upon a long history of clinical success of the flour product.12

For the immediate response, capsular resection injury led to consistent levels of bleeding (~1.0–1.3; Figure 2A). After 
applying FL or F0, hemostasis was achieved in 100% of capsular resection injuries after 10 minutes (Figure 2B), 
indicating that both microfibrillar collagen products were effective at providing acute hemostasis following liver injury 
and significantly better than a comparison product (gauze).

For the long-term studies, treatment with the two microfibrillar collagen products (flour or flowable) yielded similar 
results in most of the outcome measures. For example, hemorrhage was not observed at any time points for liver injuries 
(Figure 3) and only minimally observed for spinal cord injuries (Figure 8), but with no apparent differences between 
groups. Moderate inflammation (average scores range 1.67–2.00) was observed at early time points (30 or 45 days) in 
both injuries, but then was minimally detected or absent at later times. In the case of the laminectomy and durotomy 
animals, leptomeningeal inflammation was not a prominent feature at any time for either treatment, while inflammatory 
cells (ie, histiocytes, giant cells, lymphocytes) mildly present at 45 days were reduced at 90 and 120 days (Figure 7). 
Thus, a mild inflammatory response observed initially was muted at later time points, consistent with a typical healing 
response following injury, and not noticeably affected by use of microfibrillar hemostatic material.

In the capsular resection liver injury, implanted hemostatic material was observed to interact with the adjacent 
peritoneal tissue via some loose attachments (score = 1) and firm attachments with minimal vascularity (score = 2); while 
there was some variability in these data (average values range 0.42–1.33), there were no significant differences between 
treatment groups or time points (Figure 4). In a similar manner, the extent of fibrosis, which represents the presence of 
extracellular matrix (ie, collagen), was observed to be consistent throughout with scores between 1–2 for all groups 
(Figure 3). At each evaluation point, fibrosis scores were very similar for FL, F0 and gauze groups, suggesting that 
fibrosis may reflect the general healing response in this injury model rather than a response to a particular biomaterial.

Figure 8 Semi-quantitative general histological scores 45, 90 and 120 days after treating spinal cord injury with FL and F0 (mean ± standard deviation (SD); n=5–6/group).
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In terms of the temporal persistence of product, residual hemostatic material was detected in histological sections at 
early time points, particularly for the F0-treated spinal cord injury (average score of 2.6) compared to FL-treated spinal 
cord (1.33) or application of either material for liver injuries (0.92). Furthermore, the infiltration of treatment material, 
which is an indication of how much the hemostatic product is observed to spread into host tissue, was prevalent in spine 
tissues at 45-days. At later time points, residual material was not observed or only minimally present for both injuries; as 
expected, material infiltration was also greatly decreased at subsequent periods.

In treating bleeding of spinal tissues, a particular concern is the degree to which hemostatic materials swell. 
Anatomical spaces around the spinal elements are tight, and even moderate swelling of introduced materials could 
have functional consequences on neural function if neurological tissues are compressed. In this study, axonal 
sheath swelling was observed to be only moderate in the worst case, but then decreased over time. Temporal 
results for the flowable and flour products were similar, although F0 demonstrated slightly higher scores (ie, more 
swelling) at each time point compared to FL. Thus, collagen microfibrillar products – and flowable formulations in 
particular – may be well-suited for hemostatic applications in surgical regions where access and swelling may be 
a concern, for example, in spinal surgery. For the spinal cord injury, several metrics were never present to 
a meaningful degree for either treatment, including spinal cord compression, axonal degeneration, and neuronal 
degeneration; thus, these aspects of healing are not anticipated to play a major role in the biological response.

This study was not without limitations. First, only one product was included as a comparison group (gauze). However, the 
purpose of the study was not to compare the AviteneTM products to all available hemostat materials; instead, the objective was to 
compare a flowable form of the microfibrillar collagen product to the well-established flour formulation and determine short- and 
long-term outcomes in two representative tissue applications. Second, while three time points were considered for the long-term 
evaluation of the liver and spinal cord injuries (between 30–120 days), data acquired at earlier (<30 days) and/or later (>120 days) 
times would perhaps yield additional insights into the short- and long-term tissue response after using these products. Third, only 
one ratio of solid product to saline volume was evaluated (1 g flour with 7 mL saline); while other ratios would alter the relative 
viscosity of the flowable product, preliminary data using other volumes of saline (not shown) indicated an optimal flowability for 
the 7 mL formulation. Future studies should assess a variety of flowable hemostatic agents in head-to-head studies to elucidate 
the clinical relevance of the various formulations that have been utilized in neurosurgical applications to date, including the novel 
Avitene™ Flowable product described here.15–18Additionally, a number of other novel, flowable hemostatic agents have recently 
been reported in the published literature and could also be evaluated in future studies.19–21
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