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Abstract

Study Design.—Prospective, randomized, controlled preclinical study.

Objective.—The objective of this study was to compare the host inflammatory response of 

our previously described hyperelastic, 3D-printed (3DP) hydroxyapatite (HA)-demineralized bone 

matrix (DBM) composite scaffold to the response elicited with the use of recombinant human 

bone morphogenetic protein-2 (rhBMP-2) in a preclinical rat posterolateral lumbar fusion model.

Summary of Background Data.—Our group previously found that this 3D-printed HA-DBM 

composite material shows promise as a bone graft substitute in a preclinical rodent model, but its 

safety profile had yet to be assessed.

Methods.—Sixty female Sprague-Dawley rats underwent bilateral posterolateral intertransverse 

lumbar spinal fusion using with the following implants: 1) type I absorbable collagen sponge 

(ACS) alone; 2) 10 μg rhBMP-2/ACS; or 3) the 3DP HA-DBM composite scaffold (n = 20). The 

host inflammatory response was assessed using magnetic resonance imaging, while the local and 

circulating cytokine expression levels were evaluated by enzyme-linked immunosorbent assays at 

subsequent postoperative time points (N = 5/time point).

Results.—At both 2 and 5 days postoperatively, treatment with the HA-DBM scaffold produced 

significantly less soft tissue edema at the fusion bed site relative to rhBMP-2-treated animals 

as quantified on magnetic resonance imaging. At every postoperative time point evaluated, the 

level of soft tissue edema in HA-DBM-treated animals was comparable to that of the ACS 

control group. At 2 days postoperatively, serum concentrations of tumor necrosis factor-α and 

macrophage chemoattractant protein-1 were significantly elevated in the rhBMP-2 treatment group 
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relative to ACS controls, whereas these cytokines were not elevated in the HA-DBM-treated 

animals.

Conclusion.—The 3D-printed HA-DBM composite induces a significantly reduced host 

inflammatory response in a preclinical spinal fusion model relative to rhBMP-2.

Level of Evidence: N/A
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Spinal arthrodesis is an established and reliable treatment for a number of spinal conditions 

and remains among the most common surgical procedures performed worldwide.1–3 Despite 

its success however, pseu-darthrosis, or surgical nonunion, remains a significant challenge. 

Failure to achieve a solid fusion may result in poor clinical outcomes and extensive medical 

expenditure, motivating substantial efforts aimed at developing strategies to avoid this 

frustrating complication.4–6 While autogenous bone graft is generally effective for fusion, 

its procurement can cause significant morbidity and postoperative pain and is limited in 

available volume.7–9 Recombinant human bone morphogenetic protein-2 (rhBMP-2) was 

initially thought to provide the optimal solution, resulting in high rates of fusion without 

the requirement for autogenous bone harvest.10 However, its widespread adoption as a bone 

graft substitute has since spawned a number of safety concerns surrounding its use.11–13

The ongoing search for a material that is both safe and ideally suited to optimize bone 

formation for fusion has resulted in a number of innovative strategies and technologies 

that show significant promise.14,15 When evaluating such technologies for potential clinical 

application, a fundamental knowledge of the biological responses elicited upon implantation 

is critical to establishing both efficacy and safety.16 Experience with the use of high-dose 

recombinant growth factors such as rhBMP-2 in the setting of spine surgery has shown 

that in addition to osteoinductive capacity, a careful assessment of the host inflammatory 

response is necessary to validate its safety.17,18 There are several in vitro and in vivo 
cell-based models that may be used to better understand the host reaction to a new material; 

however, the specificity of such tests may be limited.19–23 A number of factors, such 

as the anatomic site of implantation, can influence how a biomaterial alters the normal 

inflammatory reaction process.24 Therefore, an animal model that closely resembles the 

conditions of the intended application is desirable to more accurately gauge potential safety 

concerns.

Our group previously reported the implementation of a modified rodent posterolateral 

spine fusion (PLF) model which successfully replicated the host inflammatory response 

to rhBMP-2 observed clinically.25 In this model, rhBMP-2-treated animals develop a 

postoperative fluid collection observable on high-resolution magnetic resonance (MR) 

imaging as well as disproportionate elevations of certain proinflammatory and osteoclastic 

cytokines in the serum. We postulated that this mechanism of action could lead to the 

clinical complications reported in the literature. The purpose of the current study was to 

characterize the host inflammatory response to our recently developed 3D-printed HA-DBM 
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composite scaffold using temporal quantification of local fluid collection as well as local and 

circulating cytokine production using this modified PLF model.

MATERIALS AND METHODS

Study Design

Sixty female Sprague-Dawley rats, ages 12 to 16 weeks, underwent a bilateral posterolateral 

intertransverse lumbar spinal fusion using one of three implants: 1) type I absorbable 

collagen sponge (ACS) alone (negative control, n = 20), 2) 10 μg rhBMP-2/ACS (positive 

control; 0.075 mL rhBMP-2 per ACS scaffold, at 0.067 mg/mL final per side; n = 20), or 3) 

HA-DBM composite scaffold (n = 20). This standard dose of 10 μg rhBMP-2 was chosen 

because it produces a fusion rate of 100% in this preclinical model.26,27 Institutional Animal 

Care and Use Committee approval at Northwestern University was obtained for this work, 

under protocol number 2016 to 2610 and with an Animal Welfare Assurance with the Office 

of Laboratory Animal Welfare (A3283-01).

Scaffold Fabrication

The scaffold being evaluated in this work is a hyperelastic, 3D-printed composite 

biomaterial which we developed for use in the spine fusion setting. Scaffold design was 

based on our previous work which established both the ink composition and scaffold 

geometry/architecture which produced high rates of fusion in the rat model.28,29 The 

HA-DBM ink was produced using our previously described protocols.28–30 Briefly, the 

ink was composed of 30 vol.% polylactide-co-glycolide (PLG; 82:18 glycolide to lactide) 

copolymer (Evonik Cyro) and 70 vol.% of HA + DBM particles. The particle component 

comprised a ratio of three parts of HA to one part of DBM. Medical-grade synthetic HA 

powder (particle diameter range of ~1–25 μm) was provided by Merz North America. DBM 

particles (~100–1000 μm) were provided by Xtant Medical (Belgrade, MT), and were milled 

to a range of 20 to 80 μm diameter. The scaffolds were printed using a 3D-Bioplotter 

(EnvisionTEC, Germany) using a 410 μm diameter nozzle with a syringe extrusion system 

at room temperature. Scaffolds five layers thick were printed with previously optimized 

architectural parameters: each successive layer of struts was laid at 45° relative to the 

underlying layer, and the edge-to-edge strut spacing was 1000 μm.29 After printing, the 

scaffolds were washed with 70% ethanol followed by sterile phosphate-buffered saline and 

trimmed to a uniform size (15 × 4 × 3 mm) prior to implantation.

Posterolateral Fusion Model for Evaluation of Inflammation

The host inflammatory response to rhBMP-2 akin to that observed clinically was reproduced 

in a modified rat PLF model as we have previously described.25,31 Briefly, under continuous 

anesthesia with an isoflurane inhalational anesthetic delivery system, two separate fascial 

incisions were made 4 mm from the midline exposing the L4 and L5 transverse processes. 

The overlying lumbar paraspinal muscular compartment was resected en bloc bilaterally to 

create a voided space adjacent to the spine. Total paraspinal muscle tissue resection weight 

averaged 0.84 ± 0.15 g per animal. The surgical site was irrigated with gentamicin solution, 

and the fusion bed between the L4 and L5 transverse processes was then prepared as for a 

typical PLF procedure. After decortication with an oscillating burr, the graft materials were 

Plantz et al. Page 3

Spine (Phila Pa 1976). Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



implanted to bridge the L4 to L5 transverse processes. Fascial incisions were closed with the 

use of a 3–0 polyglactin absorbable running suture (Vicryl; Ethicon, Inc, Somerville, NJ). 

Five mL lactated Ringer solution was administered intraperitoneally after wound closure 

for hydration support. Rats were maintained on a heating pad and monitored continuously 

until ambulatory, and then every 15 minutes for the first hour after surgery. Buprenorphine 

sustained-release (0.03 mg/kg) was administered subcutaneously to provide analgesia for 

up to 72 hours postoperatively. Additionally, meloxicam was administered (1–2 mg/kg) 

SQ every 24 hours for 3 days. All animals recovered successfully from surgery and no 

postoperative complications were noted.

Magnetic Resonance Imaging and Analysis

Soft tissue edema volume on magnetic resonance imaging (MRI) was measured as an 

index of inflammation after surgical implantation of the materials. Animals were euthanized 

using a bilateral thoracotomy technique at 2 days, 5 days, 10 days, and 8 weeks after 

surgery. To ensure that the mean time from surgery to the time of MRI was uniform among 

the three groups, the animals underwent MRI in the same order that they underwent the 

surgery. Although we previously found postoperative fluid collections to be significantly 

higher in rhBMP-2-treated animals relative to ACS controls out to only 10 days, the 

inclusion of PLG in the HA-DBM scaffold composition, which has a significantly longer 

degradation period, warranted quantification out to a later timepoint. A 7T Clinscan MRI 

scanner (Bruker, Ettlingen, Germany) using a quadrature volume transceiver coil was used 

for all MRI scans to obtain T1- and T2-weighted sagittal and axial lumbar spine images. 

All the scans were performed with a 150-mm field of view, 0.9-mm slice thickness, 

and repetition time/echo time = 5940/62 and 600/12 ms for T2- and T1-weighted scans, 

respectively. Each scan was performed with an external water reference, which was used 

for normalization of signal intensity across the data sets to permit reliable and reproducible 

analysis. Intensity normalization was performed using Jim software (Version 8, Xinapse 

Systems Ltd, Colchester, UK) by manually sampling regions of interest within the water 

references and using the mean intensity within the regions of interest as a reference to 

linearly scale the images. The volume of soft tissue edema was then quantified from the 

normalized T2-weighted MR images using open-source 3D Slicer software (Version 4.10.2, 

The Brigham and Women’s Hospital, Inc, Boston, MA).32 The region corresponding to the 

fusion bed was isolated on all scans using manual segmentation to ensure that unrelated 

edema—such as from the incision itself—was excluded from the volume calculations. From 

the isolated region, the edema volume was then quantified using a standardized intensity 

threshold-based automatic segmentation (Figure 1).

Histological Evaluation

At each study endpoint, implants were harvested and fixed in 10% formalin buffer for 7 

days. They were then transferred to a 50% ethanol solution for 2 hours, followed by storage 

in 70% ethanol. Samples were demineralized in 10% HCl solution for 8 hours. Samples 

were then processed and embedded in paraffin by the Northwestern University Mouse 

Histology & Phenotyping Laboratory core. 7-μm-thin sections were cut with a RM2255 

microtome (Leica). Sections were deparaffinized and rehydrated by immersing the slides 

through the following solutions: xylene (three washes 5 min each), 100% ethanol (two 
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washes 5 min each), ethanol solutions (95%, 90%, 80%, 70%, and 50% in distilled water), 

and distilled water. Sections were stained with Gill’s hematoxylin and eosin and alcian 

blue according to the manufacturer’s recommendations (Sigma Aldrich). Stained sections 

were mounted with Cytoseal XYL mounting medium (Thermo Scientific), imaged on a 

TissueGnostic histological microscope (Zeiss), and visualized using TissueFAXS software.

Serum Cytokine Analysis

At 2-, 5-, and 10- days postoperatively, animals underwent blood collection via cardiac 

puncture under anesthesia, prior to euthanasia by bilateral thoracotomy. Whole blood was 

centrifuged at 10,000 × g for 10 minutes, and the serum (supernatant) was collected 

and stored at −80°C. Enzyme-linked immunosorbent assays (ELISA) were performed to 

quantify the serum levels of the five cytokines previously found to be induced in rhBMP-2-

treated animals: interleukin (IL)-18, IL-1β, tumor necrosis factor (TNF)-α, macrophage 

inflammatory protein (MIP)-1α, and macrophage chemoattractant protein (MCP)-1.25 Five 

biological samples per experimental group were tested, which were each quantified in 

technical duplicates. Rat DuoSet ELISA Development System kits (R&D Systems) were 

used according to the manufacturer’s specifications, and absorbance was measured at 450 

nm.

Statistical Analysis

All values were reported as the mean ± SD. A power analysis using a previously collected 

data set showed that a sample size of 5 at each time point was sufficient to detect statistical 

significance with α = 0.05 and 80% power.25 Statistical analysis was performed using 

IBM SPSS Statistics for Windows, version 23 (IBM Corp, Armonk, NY). Differences in 

edema volume measurements on MRI were determined using a one-way analysis of variance 

(ANOVA) and post-hoc Tukey’s HSD (honestly significant difference) test. ELISA data 

were analyzed with a one-way analysis of variance and a Tukey’s multiple comparison test 

with GraphPad Prism 8. In all analyses, statistical significance was considered with P < 0.05 

(* P < 0.05, ** P < 0.01, *** P < 0.001).

RESULTS

A local inflammatory response—as evidenced by increased signal at the fusion bed on 

T2-weighted MR images—was observed in the early postoperative period in all treatment 

groups (Figure 2). This response was expected after any surgical insult. However, free 

fluid collections which formed at the surgical site and were most apparent at 2 days 

postoperatively remained incompletely resolved in the rhBMP-2 treatment group out to 

10 days; this prolonged effect was not seen in either the ACS controls or the HA-DBM 

treatment group (Figure 2).

The inflammatory edema volume reached a peak at 2 days postoperatively in all treatment 

groups, with a gradual decrease in response at each time point thereafter (Figure 3). 

However, edema volumes were greater in the rhBMP-2 group relative to both the ACS 

and HA-DBM groups at all postoperative timepoints, although statistically significant 

differences were observed only in the early postoperative period. At 2 days postoperatively, 
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rhBMP-2-treated animals demonstrated a mean inflammatory volume of 1756 ± 377 mm3 

within the fusion bed, which was significantly greater than that of both ACS-treated (774 

± 270 mm3) and HA-DBM-treated (610 ± 185 mm3) animals (P < 0.05). By 5 days, MRI 

demonstrated decreasing inflammatory volumes in all the treatment groups, although these 

remained highest in the rhBMP-2 group (ACS, 738 ± 157 mm3; rhBMP-2, 882 ± 118 mm3; 

HA-DBM, 516 ± 149 mm3) (P < 0.05). Statistically significant differences were no longer 

observed among treatment groups at the 10-day timepoint (ACS, 180 ± 89 mm3; rhBMP-2, 

404 ± 281 mm3; HA-DBM, 134 ± 32 mm3). By 8 weeks postoperatively the MRI signal 

changes were resolved in all the groups (ACS, 0.7 ± 0.7 mm3; rhBMP-2, 8.4 ± 8 mm3; 

HA-DBM, 6.2 ± 8.7 mm3), indicating full recovery from the surgical insult, regardless of 

implant type. Notably, there were no significant differences in inflammatory edema volumes 

between the ACS and HA-DBM groups at any of the postoperative timepoints measured.

Histological evaluation did not show any abnormal tissue morphology or exacerbated cell 

infiltration in HA-DBM compared with ACS controls (Figure 4). More infiltrating cells 

were found in rhBMP-2 at 2, 5, and 10 days compared with ACS and HA-DBM. Collagen 

bundles were evident up to 10 days postoperatively in both ACS and rhBMP-2 (indicated by 

yellow arrows). ACS was fully resorbed by 8 weeks, while new trabecular bone-like tissue 

replaced the rhBMP-2 scaffold. New tissue was found in between the struts of HA-DBM, 

after 5 days postoperatively, and without apparent signs of edema.

rhBMP-2 treatment resulted in significantly increased expression of several cytokines at 

various time points relative to the negative control group (e.g., ACS)—IL-1β at 2, 5, and 

10 days postoperatively, TNF-α at 2 days postoperatively, MIP-1 at 2 days postoperatively, 

and MCP-1 at 2 and 5 days postoperatively (P < 0.05 for all) (Figure 5 and Table 1). 

Additionally, HA-DBM treatment resulted in a significantly increased expression of several 

cytokines relative to the ACS group—IL-1β at 2, 5, and 10 days postoperatively, IL-18 at 2 

and 5 days postoperatively, and MIP-1 at 2 days postoperatively. Additionally, the relative 

expression of MCP-1 was greater in the rhBMP-2 group relative to the HA-DBM group at 

days 5 and 10 postoperatively. The relative expression of IL-18 was greater in the HA-DBM 

group relative to the rhBMP-2 group at 5days postoperatively.

DISCUSSION

In previous work, we developed and described a novel 3D-printed HA-DBM composite 

biomaterial which showed efficacy for promoting bone regeneration and spine fusion in 

a preclinical rodent model.28,29 There, we showed that HA-DBM achieved a fusion rate 

of 92%.28 However, its biocompatibility and safety profile have not been assessed in this 

setting. Such evaluations are critical prerequisites for successful translation from bench 

to bedside. For example, the scaffold utilized in this study is fabricated using a PLG 

copolymer, one of the most common polymer systems used in bone tissue engineering 

applications.33–35 Although minimal systemic toxicity is associated with the use of PLG 

for biomaterial applications, its degradation products are acidic and there exists the concern 

that these byproducts could induce a local inflammatory response, potentially interfering 

with the key biological processes involved in new bone matrix deposition and tissue 

regeneration.36–38 Furthermore, while several studies have investigated the toxicity and 
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biocompatibility of similar composite materials, the investigation of the host inflammatory 

response to these materials in a relevant preclinical model of spinal fusion has not been 

undertaken.39,40 Therefore, the current study was designed to evaluate the host inflammatory 

response elicited by the HA-DBM material via temporal quantifications of fluid collection 

and cytokine expression in a previously established preclinical small animal model of 

spine fusion.25,26,29 This model is relevant when considering the potential spine surgery 

applications of a new implant material, as it closely reproduces the fusion environment. As 

this is a surgical model, some degree of postoperative inflammation would be expected due 

simply to surgical insult. As a baseline negative control to account for any surgery-induced 

inflammation independent of a bioactive implant, ACS served as the negative control, 

since it is osteoinductively inert. rhBMP-2, which is known to cause a substantial pro-

inflammatory response, served as the positive control.25 Our previous work characterized the 

host response to high-dose rhBMP-2/ACS in this model,25 making this an ideal comparative 

for this preclinical safety assessment of the HA-DBM scaffold. MRI analyses served to 

quantify the magnitude of the local inflammatory response, while serum cytokine analysis 

was used to identify any potential systemic effects.

Quantitative MRI found that the HA-DBM treatment produced significantly less edema 

relative to rhBMP-2/ACS—a nearly 3-fold decrease in inflammatory volume within the 

fusion bed at 2 days postoperatively. Additionally, the local inflammatory response as 

quantified on MRI did not differ significantly between the HA-DBM treatment and 

the ACS (negative control) treatment at any postoperative time point. Consistent with 

other studies utilizing similar MRI-based methodology, rhBMP-2 treatment was found 

to elicit a significant inflammatory response peaking in the early postoperative period 

and subsequently decreasing at later timepoints.41–44 The magnitude of the inflammatory 

response in the ACS and HA-DBM groups was less than that of rhBMP-2 at all timepoints. 

Despite the fact that the HA-DBM group contained PLGA, which can be inflammatory36–38 

and was not degraded by the study endpoint, there was no prolonged inflammation seen in 

this treatment group. Therefore, the amount of PLGA in the implants were not sufficient 

to induce a prolonged inflammatory response. As expected, there was minimal quantifiable 

edema in any treatment group at 8 weeks postoperatively. The final time point of 8 weeks 

was chosen as this is the most commonly used endpoint for assessment of successful fusion 

in the L4-L5 posterolateral fusion model in rodents.28,29

The cytokine analysis revealed trends which were somewhat similar to those observed 

from imaging data. Treatment with rhBMP-2 was found to elicit significant elevations 

in the expression of multiple cytokines of interest in the immediate postoperative period 

which was consistent with previous findings.25 IL-1β, TNF-α, MIP-1, and MCP-1 – all 

proinflammatory cytokines previously found implicated in the host response to rhBMP-225

—were indeed significantly elevated in the rhBMP-2 group, when compared with the ACS 

negative control group at early postoperative time points. In the current study, however, 

no significant elevation in IL-18 expression was noted in the rhBMP-2 group relative to 

the ACS group. It should be noted that our previous worked evaluated a 10-fold higher 

dose of rhBMP-2, which could reasonably explain the less substantial expression of various 

cytokines demonstrated in the current study. HA-DBM treatment did produce significant 

increases in the expression of certain cytokines – IL-1β, IL-18, and MIP-1 – at different 
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time points relative to the ACS negative control group. However, unlike the rhBMP-2 

group, the HA-DBM group did not yield increased expression of TNF-α nor MCP-1 at any 

postoperative time points. This suggests that rhBMP-2 treatment yielded IL-1β-induced 

production of MCP-1 and a subsequent inflammatory response – something that was 

not seen with the ACS or HA-DBM treatment groups. Furthermore, MCP-1 has been 

associated with recruitment of monocytes, which can be pro-inflammatory when activated 

by IL-1β.45 Prior studies have also reported upregulation of osteoclastogenesis in the setting 

of rhBMP-246 and MCP-1 is known to be an important upregulator of osteoclast activity.47 

These findings further corroborate potential cellular signaling pathways that explain bone 

resorption seen with the use of rhBMP-2 in the clinical setting.

While this model may provide valuable insights into the host inflammatory response to 

novel biomaterials intended for spine surgery applications, there are limitations to the 

current study which should be considered in context of the results. Given the use of a rodent 

model, the dose of rhBMP-2 used in this study is significantly lower than that required to 

achieve fusion in human subjects, and the findings in this study should be interpreted in 

that context. Furthermore, the current investigation was limited to the lumbar spine fusion 

environment. This may limit conclusions regarding the safety of a new material from being 

extrapolated to the cervical spine as the inflammatory response may not be identical at 

both locations. However, since there exists no small animal cervical spine fusion model, 

further studies implementing this experimental design in the cervical spine of larger animals 

will be necessary to make such comparisons in that setting. Lastly, the effects of surgical 

manipulation and paraspinal muscle resection on inflammation was not quantified relative 

to a nonoperative control group. However, the same surgical technique was used for the 

ACS control group, so the relative difference in inflammation was attributed to the material 

properties.

Despite these limitations, the collective results of the current investigation demonstrate the 

HA-DBM composite scaffold material to elicit a host inflammatory response of significantly 

lower magnitude relative to rhBMP-2. Furthermore, the host response to the HA-DBM did 

not generally differ from that which was elicited by ACS alone, suggesting that it may 

indeed be a safer alternative bone graft substitute to rhBMP-2 in this clinical setting.

CONCLUSION

Based on these preliminary findings, the HA-DBM composite material demonstrates a 

favorable biocompatibility profile, and further investigation of the material as a bone graft 

substitute in spinal fusion is warranted. Future investigation could assess the degradation and 

clearance rate of this material and any impact that this may have on clinical efficacy and 

biocompatibility.
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Key Points

• The substantial host inflammatory response associated with rhBMP-2 has 

generated significant interest in the development of novel bone graft 

substitutes with more favorable safety profiles.

• This study evaluates the host inflammatory response to our previously-

described 3D-printed HA and DBM composite scaffold, which has shown 

promise as a bone graft substitute for spinal fusion.

• The HA-DBM implant produced no hyperinflammatory response upon 

implantation, with edema and cytokine expression levels comparable to an 

absorbable collagen sponge control in a preclinical spine fusion model; 

this was in contrast to rhBMP-2, which produced significantly greater 

inflammation relative to the HA-DBM.
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Figure 1. 
Depiction of MRI analysis methodology. Sagittal, axial, and coronal views of an HA-DBM 

implant are provided both before and after processing. Image processing involved isolating 

the local edema at the surgical site using threshold-based automatic segmentation of 

standardized MRI images. The local edema was identified (depicted as red overlay) and 

the total volume of edema was calculated. The crosshair is at the midline, just superior to the 

L4/L5 disc. HA-DBM indicates hydroxyapatixte-demineralized bone matrix; MRI, magnetic 

resonance imaging.
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Figure 2. 
Representative axial T2-weighted MR images of animal groups at various time points 

after surgery are shown (N = 5 per treatment group per time point). A large fluid 

collection (red arrows) was reproducible in those animals receiving rhBMP-2 that was most 

pronounced at 2 days after surgical implantation and was not typically seen in the ACS and 

HA-DBM groups. ACS indicates absorbable collagen sponge; DBM, demineralized bone 

matrix; HA, hydroxyapatite; MR, magnetic resonance; rhBMP-2, recombinant human bone 

morphogenetic protein-2.
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Figure 3. 
Quantification of inflammatory edema volume within the fusion bed (intramuscular/

subfascial) on axial T2-weighted MR images in all animal groups at 2 days, 5 days, 10days, 

and 8 weeks postoperatively (N = 5 per treatment group per time point). Significantly 

greater inflammatory edema volume was measured in the rhBMP-2 group as early as 

2 days after surgery when compared with the ACS (*) and HA-DBM (^) groups (P < 

0.05). ACS indicates absorbable collagen sponge; DBM, demineralized bone matrix; HA, 

hydroxyapatite; MR, magnetic resonance.
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Figure 4. 
Histological evaluation of the implants 2, 5, 10 days and 8 weeks postoperatively, stained 

with Gill’s hematoxylin, eosin and alcian blue. Yellow arrows in the ACS and rhBMP-2 

samples indicate collagen bundles (red, ribbon-like). Yellow arrows in the 2 days HA-DBM 

sample indicate cells (purple nuclei) in proximity of a DBM particle. Yellow arrows in 

the 10 days HA-DBM sample indicate residual HA particles. Legend: Scaffold struts = 

ST; demineralized bone matrix = DBM; new tissue = NT; muscle M; transverse process = 

TP; trabecular bone = TB. Scale bars: 400 μm. ACS indicates absorbable collagen sponge; 

DBM, demineralized bone matrix; HA, hydroxyapatite.
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Figure 5. 
Serum levels of the following cytokines of interest were quantified longitudinally via ELISA 

(N = 5 per treatment group per time point): IL-1β, IL-18, TNFα, MIP-1, and MCP-1. 

Levels were compared among animals treated with ACS alone, rhBMP-2/ACS, and HA-

DBM scaffolds. Statistical significance for the HA-DBM group relative to ACS alone (*) 

and rhBMP-2/ACS (^) groups is indicated (P < 0.05). ACS indicates absorbable collagen 

sponge; DBM, demineralized bone matrix; ELISA, enzyme-linked immunosorbent assays; 

HA, hydroxyapatite.
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