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Abstract
Purpose  Implant leakage is the most common complication of vertebral augmentation. Alternative injectable materials 
must demonstrate intravascular safety comparable to or better than polymethyl methacrylate (PMMA). This study assessed 
the systemic effects of a triphasic calcium-based implant or PMMA injected directly into the femoral vein in a large animal 
model designed to mimic severe intravascular implant leakage.
Methods  Six skeletally mature female sheep were randomly assigned (n = 3) to either the PMMA or the triphasic implant 
(AGN1, composition: calcium sulfate, β-tricalcium phosphate, brushite) treatment group. Femoral veins of each sheep were 
directly injected with 0.5 mL of implant material to mimic leakage volumes reported during PMMA vertebroplasty. To 
compare acute systemic effects of the materials, cardiovascular parameters, laboratory coagulation markers, and calcium 
and sulfate serum levels were monitored for 60 min after implant injection. Thrombotic and embolic events were evaluated 
by radiologic imaging, necropsy, and histopathology.
Results  Heart rate, systemic arterial blood pressure, arterial oxygenation, arterial carbon dioxide content, and coagulation 
markers remained within physiological range after either AGN1 or PMMA injection. No blood flow interruption in the larger 
pulmonary vessels was observed in either group. Lung histopathology revealed that the severity of thrombotic changes after 
AGN1 injection was minimal to slight, while changes after PMMA injection were minimal to massive.
Conclusion  Acute systemic effects of intravascular AGN1 appeared to be comparable to or less than that of intravascular 
PMMA. Furthermore, in this preliminary study, the severity and incidence of pulmonary histological changes were lower 
for AGN1 compared to PMMA.

Keywords  Triphasic calcium implant · PMMA · Vertebral augmentation · Vertebroplasty · Kyphoplasty · Pulmonary 
embolism

Introduction

Painful compression fractures of vertebral bodies occur in 
spines weakened by osteoporosis, hemangioma, or metas-
tases. These fractures can cause persistent pain, impairing 
patient mobility, and reducing quality of life [1]. In selected 
patients, minimally invasive vertebral augmentation pro-
vides lasting pain relief, increases patient quality of life and 
decreases health deterioration, hospitalization time, costs, 
and mortality risk compared to conservative therapy [2–6].

Vertebral augmentation is routinely performed with poly-
methyl methacrylate (PMMA) bone cement. PMMA has 
significant limitations including high stiffness that can alter 
spine biomechanics, increasing the likelihood of additional 
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surgical interventions [7–9]. Also, PMMA is non-resorbable, 
lacking the potential to remodel or integrate with existing 
bone, potentially complicating future procedures. Due to 
these limitations, there is interest in finding a resorbable 
implant material that immediately increases the strength of 
treated bone and maintains strength as it is resorbed and 
replaced by new bone [10]. The implant material should 
optimally have compressive strength and stiffness similar to 
normal bone, providing long-term functional benefit with-
out negatively altering the long-term biomechanics of the 
fractured vertebral body being treated [10]. One such pos-
sible alternative implant material is an injectable in situ set-
ting triphasic calcium-based implant, previously shown to 
strengthen cadaveric vertebral bodies [11].

A concern for all injectable materials used in vertebral 
augmentation is the possible adverse effect of extraosse-
ous implant leakage which can cause severe complications 
including neurologic injury and pulmonary emboli [12–15]. 
The incidence of PMMA leakage is between 8–37% (18% 
average) during kyphoplasty and 34–80% (60% average) 
during vertebroplasty [12]. A particular concern for previ-
ously evaluated injectable resorbable calcium phosphate or 
calcium composite bone implant materials was stimulation 
of coagulation, as leakage with one formulation was reported 
to be associated with severe pulmonary vascular obstruc-
tion and formation of blood clots in the heart [16]. Studies 
demonstrated that other calcium composite implants lacked 
cohesion and disintegrated within the vasculature [17, 18], 
resulting in cardiovascular changes that were more severe 
when directly compared to PMMA [17].

The purpose of this study was to assess and compare the 
acute systemic effects of the triphasic calcium-based implant 
material, AGN1, to PMMA following direct injection into 
the femoral vein in a large animal sheep model.

Methods

Animals, preclinical model, and study design

Six skeletally mature, female, White Swiss Alpine sheep 
(mean age 4.6 years, range 3–7 years; mean weight 78.3 kg, 
range 66.5–91.5 kg) were enrolled in the study and randomly 
assigned to one of two groups (n = 3 sheep per group): 
PMMA or triphasic calcium implant material (AGN1). Each 
sheep underwent direct injection of 0.5 mL of implant mate-
rial into the femoral vein to mimic cement volume leakage 
reported during PMMA vertebroplasty [19, 20]. Cardiopul-
monary parameters and occurrence of sequela were moni-
tored for 60 min after the injection procedure, as previously 
described (Fig. 1) [17, 18]. Afterward, the sheep were euth-
anized and underwent a systematic, complete postmortem 
inspection.

Prior to the start of the study, the sheep were acclima-
tized for at least 2 weeks and were in good health based 
on a complete physical assessment performed by a veteri-
narian and a complete blood cell count. To standardize the 
protocol, anesthesia monitoring was performed by the same 
anesthetist, catheter placement and implant injection were 
performed by the same surgeon, and the same support staff 
were present for each surgery. Experiments were carried out 
at an AAALAC International-approved facility and received 
ethical consent from the Veterinary Commission of the Can-
ton of Grisons, Switzerland, in accordance with the Swiss 
laws of animal protection and welfare and were conducted 
under good laboratory practices (GLP). To minimize the 
risk of bias, the surgery staff and CT analysis personnel were 
blinded to the study group. The veterinary pathologist was 
also blinded to the study group during necropsy, histopa-
thology and histomorphometry. The veterinary surgeon per-
formed implant mixing and injection and thus was unblinded 
to the study groups.

Implant materials

PMMA bone cement was prepared (mixing and waiting 
phase) according to the manufacturer’s instructions (BonOs, 
Osartis GmbH, Dieburg, Germany) and then transferred 
to 1 mL syringes. The triphasic calcium implant mate-
rial (AGN1, AgNovos Healthcare LLC, Rockville, MD), 
composed of calcium sulfate, β-tricalcium phosphate, and 
brushite, was mixed for 30 s using the supplied mixer and 
then transferred to 1 mL syringes. PMMA or AGN1 were 
injected into the femoral veins via catheter following mix-
ing and transfer at the earliest time possible (range 4 m:5 s 
to 4 m:20 s and 5 m:4 s to 5 m:20 s for PMMA and AGN1, 
respectively).

Preparation of animals

Sheep were sedated with xylazine 20 min before general 
anesthesia induction using intravenous midazolam and 
propofol, and endotracheally intubated for maintenance 
using sevoflurane in oxygen and air (targeted alveolar con-
centration of 1.5–2.0% sevoflurane in approximately 75% 
oxygen). Mechanical ventilation was instituted to maintain 
normocapnia with predefined settings (Table 1). Further 
modification to maintain all vital parameters in a physio-
logical range was performed according to individual needs 
when deemed necessary by the anesthesiologist blinded to 
the study groups. Ventilator settings were not altered after 
implant injection.

Sheep were placed in dorsal recumbency, the inner 
thigh was aseptically prepared, and a 14G × 80-mm cath-
eter was inserted into the femoral vein using the Seldinger 
technique under ultrasound guidance. Prior to injection, 
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the catheter was flushed with saline. The catheter was then 
filled with the implant material, and immediately, thereaf-
ter, a single injection using a 1 mL syringe over a period 
of less than one minute resulted in systemic intravenous 
administration of 0.5 mL of implant material.

Cardiovascular monitoring

Systemic arterial blood pressure (mean (MABP), systolic, 
diastolic arterial blood pressure) was continuously recorded 
from a single lumen 20G catheter placed in the right auricu-
lar artery. Heart rate and blood oxygen saturation were also 
continuously recorded using an anesthesia monitor at 1 Hz 
(Datex Ohmeda S/5 Monitor; Anandic Medical Systems, 
Switzerland).

Blood sampling and analysis

Arterial and venous blood samples were taken prior to femo-
ral catheter placement, prior to implant injection, and 3, 10, 
30, and 60 min after implant injection (Fig. 1). A blood gas 
panel (pH, PCO2, PO2, tCO2, HCO3, sO2, base excess, ion-
ized calcium, Na, K, glucose, hematocrit, and hemoglobin) 

Fig. 1   Study design of in vivo 
sheep model mimicking severe 
clinical intravascular implant 
leakage. Schematics depicting 
the timeline of the interventions 
and main in vivo measurements 
at different time points (T) to 
assess and compare the systemic 
effects of a triphasic calcium-
based implant material (AGN1) 
and polymethyl methacrylate 
(PMMA) injected directly into 
the femoral vein in a sheep 
model to mimic severe clinical 
intravascular implant leakage. 
Cardiovascular parameters, 
laboratory markers of coagula-
tion, along with calcium and 
sulfate serum levels were moni-
tored before and after implant 
injection. Afterward, the sheep 
were euthanized and underwent 
a systematic postmortem and 
histopathologic inspection

Table 1   Initial ventilator settings used for anesthesia

Ventilator parameters Initial setting

Fraction of inspired oxygen 75%
Tidal volume 6–8 mL/kg
Respiratory rate 10–20 breaths per minute
Positive end expiratory pressure (PEEP) 5 cm H2O
Inspiratory pressure (above PEEP) 15–20 cm H2O
Inspiration/Expiration ratio 1:2
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was performed at each timepoint using arterial heparinized 
whole blood and a handheld analyzer (i-STAT® 1 Handheld 
Analyzer, Abbott, Princeton, NJ). Venous blood sampling 
was performed at each timepoint for total calcium, sulfate, 
D-dimer, and thrombin-antithrombin (TAT) complex analy-
sis (see Appendix 1 for methodology details).

Computer tomography (CT) imaging and analysis

A clinical CT scan (Revolution EVO, GE Medical Systems 
(Schweiz) AG) examination of the thorax, abdomen and 
femoral catheter site was conducted prior to each injec-
tion procedure and after the 60-min observation (120 kV, 
400 mAs, 0.625 mm slice thickness). A CT pulmonary angi-
ography examination was also performed prior to euthanasia 
using a bolus tracking technique. Briefly, sequential axial 
slices were obtained at a set region of interest at the truncus 
pulmonalis during the contrast injection until a threshold 
enhancement (+ 60 HU) was met, triggering the diagnostic 
scan. Image reconstruction was done for the lungs with the 
standard kernel. Data were analyzed using Amira software 
(Amira 6.3, FEI SAS a part of Thermo Fisher Scientific).

The lungs were inspected slice by slice (2.5 mm slice 
thickness) in the native post-injection scan from cranial to 
caudal in the pulmonary window for hyperdense objects 
compared to the native pre-injection scan. The inferior vena 
cava and the femoral vein down to the injection site were 
also inspected slice by slice for hyperdense objects com-
pared to the native pre-injection scan.

Euthanasia and tissue harvest

All animals were euthanized under general anesthesia by 
means of an intravenous overdose of barbiturate (Pentobar-
bital, Esconarkon) following final CT imaging. Comprehen-
sive, systematic postmortem inspection with special atten-
tion to vital organs including brain, heart, and lungs was 
performed by a certified veterinary pathologist blinded to 
study groups.  Lungs were fixed using instillation with 5% 
buffered formaldehyde solution then sampled (10 sites).  
Heart (3 sites), brain (7 sites), and all macroscopically 
changed tissue were sampled then immersed in fixative. 

Histopathology and histomorphology analysis

Histopathological analysis and grading were performed by 
a certified veterinary pathologist blinded to study groups. 
Analyses focused on, but were not limited to, changes 
in vasculo-occlusive/thromboembolic events includ-
ing thrombi, foreign material emboli, and hemorrhages. 

Changes present in tissue samples of the lungs, heart, 
brain, and representative macroscopically altered tissues 
were analyzed semi-quantitatively using a 6-point grad-
ing system (grade 0 to 5; grade 0: change absent, grade 5: 
massive severity).

A 1 × 1 cm2 image of each lung slide (10 per sheep) 
was digitized using a 20 × objective and quantitatively 
analyzed for thromboembolic changes. Before starting 
to count, the image was divided into a total of 228 tiles 
(12 × 19w × h) using the digital reticle, resulting in indi-
vidually numbered fields. The total number of thrombi, 
microthrombi, and capillary microthrombi were manually 
identified and automatically counted.

Statistics

A sample size of three per group only allowed for a quali-
tative analysis of the systemic effects of AGN1 leakage 
compared to PMMA. Descriptive statistics for measured 
parameters including mean, median, standard deviation, 
minimum, and maximum were reported, as appropriate, 
for each parameter.

Results

Cardiovascular monitoring and blood 
measurements

All sheep survived the 0.5 mL material injection and 
60-min observation period. No difference was observed in 
cardiovascular parameters between the PMMA and AGN1 
groups pre- and post-injection. After injection, changes 
in MABP, arterial oxygen content (SaO2, PaO2), and arte-
rial carbon dioxide (PaCO2) remained within physiologi-
cal ranges in all sheep at all time points (Table 2). No 
difference was observed in calcium and sulfate between 
the PMMA and AGN1 groups pre- and post-injection 
(Table 3). Two sheep in the PMMA group had post-injec-
tion increases in thrombin-antithrombin (TAT), whereas 
no AGN1 animals had increases over pre-injection val-
ues (Fig. 2). D-dimer measurements were stable pre- and 
post-injection for both groups (D-dimer ≤ 0.6 ng/mL; data 
not shown).

CT analysis

CT imaging detected implant material in the lungs of one 
of three sheep in the PMMA group (Fig. 3A) and none of 
the AGN1 sheep (Fig. 3B). All six sheep had implant mate-
rial in the abdominal vena cava and femoral vein (Fig. 3). 
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Pulmonary angiography indicated that there was no inter-
ruption of blood flow in the larger pulmonary vessels for 
either group.

Histopathology and histomorphology

Thrombotic changes at the lungs appeared less severe and 
less frequent for AGN1 compared to PMMA. The sever-
ity of thrombotic changes ranged from minimal (grade 1) 
to slight (grade 2) severity for the AGN1 group compared 
to minimal (grade 1) to massive severity (grade 5) for the 
PMMA group. The group medians were for thrombi: 0.0 
versus 2.5; for microthrombi: 1.0 versus 3.5; and for capil-
lary microthrombi: 0.0 versus 1.0 for AGN1 versus PMMA, 
respectively (Fig. 4). Thrombotic changes at the heart and 
brain were recorded at very low incidence and severity and 
not different between groups.

Quantification of thrombotic changes within the lungs 
demonstrated that the mean number of blood clots was 
fewer for AGN1 sections compared to PMMA sections 
(Fig. 5A−C; mean number per group: thrombi 0.7 ver-
sus 41.3; microthrombi 30.3 versus 191.0; and capillary 

microthrombi 30.3 versus 163.0, respectively). Neither 
PMMA nor AGN1 implant material were observed in any 
lung sections.

Additionally, a capillary obstruction complex was 
observed in the lungs of all three PMMA animals, but not 
in any of the AGN1 animals. This finding was characterized 
by increased capillary filling, increased number of neutro-
phils, and hemorrhage (Fig. 6). For the PMMA group, lung 
capillary obstruction complex severity ranged from grade 1 
to grade 4, and the overall incidence across the 10 locations 
analyzed ranged from 20 to 90% for each animal.

Discussion

This is the first study to assess the acute and short-term 
physiologic and thromboembolic effects of intravascular 
injection of a resorbable, triphasic, calcium-based, osteo-
conductive implant material, AGN1, compared to PMMA. 
PMMA has a long history of use in vertebral augmentation 
despite frequent systemic leakage during the procedure 
and other complications [12]. In this study, the systemic 

Table 2   Cardiovascular and blood gas data pre- and post-injection of PMMA and AGN1

Values are median and range (n = 3 per group)

Pre-injection 3 min 10 min 30 min 60 min Expected range [26, 27]

MABP (mmHg) PMMA 64
(62–102)

65
(64–100)

64
(61–98)

75
(70–99)

84
(80–97)

70–110 mmHg

AGN1 70
(65–100)

70
(67–100)

71
(63–100)

75
(66–103)

83
(82–105)

Heart Rate (beats/min) PMMA 87
(74–100)

NA 86
(77–98)

83
(83–95)

90
(79–92)

70–90 beats/min

AGN1 90
(65–102)

NA 88
(64–103)

82
(61–102)

82
(61–99)

SaO2 (%) PMMA 100
(100–100)

100
(100–100)

100
(100–100)

100
(100–100)

100
(100–100)

 > 95%

AGN1 100
(100–100)

100
(100–100)

100
(100–100)

100
(100–100)

100
(100–100)

PaO2 (mmHg) PMMA 237
(99–258)

241
(105–276)

249
(99–249)

241
(102–263)

250
(105–284)

 > 80 mmHg

AGN1 213
(197–277)

231
(227–285)

217
(205–282)

245
(223–282)

237
(224–277)

PaCO2 (mmHg) PMMA 44
(41–52)

47
(41–57)

46
(42–56)

49
(42–57)

47
(46–52)

35–45 mmHg; up to 
80 mmHg during 
anesthesiaAGN1 45

(35–56)
47
(46–55)

48
(47–55)

48
(47–57)

50
(47–57)

pH PMMA 7.46
(7.40–7.46)

7.46
(7.38–7.46)

7.46
(7.37–7.46)

7.44
(7.38–7.47)

7.44
(7.41–7.46)

7.35–7.45

AGN1 7.47
(7.37–7.53)

7.48
(7.42–7.55)

7.48
(7.43–7.55)

7.47
(7.42–7.56)

7.48
(7.43–7.57)

HCO3
−(mmol/L) PMMA 31.4

(28.8–31.9)
33.2
(28.7–33.3)

32.3
(29.8–33.0)

34.2
(28.2–35.1)

33.0
(31.4–33.8)

20–25 mmol/L

AGN1 32.6
(28.9–32.6)

35.4
(34.6–41.1)

36.2
(34.6–41.7)

36.6
(35.5–42.5)

37.4
(36.5–42.7)
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effects of intravascular AGN1 appeared to be comparable 
to or less than that of intravascular PMMA. Similar car-
diovascular and blood gas changes between both implant 
materials were observed. Although no blockage of the 
vasculature was observed via pulmonary angiography for 
either group, histopathological assessment revealed that 
the severity of thrombotic changes in the lungs was lower 
in the AGN1 group than in the PMMA group. No findings 
of capillary obstruction were observed in the AGN1 group, 
whereas the PMMA group had capillary obstruction to 
varying severity.

Direct implant material injection into the femoral vein 
of sheep was chosen to model severe clinical intravascular 
implant leakage that can occur during vertebral augmen-
tation [12] or other orthopedic procedures [21] in which 
material injection has the potential for vascular leakage. The 
femoral vein drains to the inferior vena cava, where implant 
leakage is often detected clinically following vertebral aug-
mentation [13] and where implant material was detected in 
all sheep included in this study. Implant material leakage 
into the inferior vena cava is significantly correlated with 
the development of pulmonary cement embolism [13]. An 
injection volume of 0.5 mL was chosen based on the volume 
of cement leakage reported during PMMA vertebroplasty 
averaging between 2.8% and 5.7% of the injected volume 
[19, 20]. An assumed injection volume of 8 mL and a worst-
case assumption that all the material reaches the venous sys-
tem translates to 0.46 mL of implant leakage. The 60-min 
follow-up to evaluate cardiopulmonary sequelae was based 
on the published literature in preclinical models as sufficient 
to evaluate those effects [17, 18].

Intravascular safety studies in large animals have been 
critical to the assessment of the potential clinical impact 
of leakage of alternative resorbable calcium-based implant 
materials. Bernard et al. demonstrated that a direct injec-
tion of a calcium phosphate implant resulted in a severe 

hypercoagulation reaction resulting in occlusion of the 
entire right ventricle and up to 86% mortality [16]. Krebs 
et al. found that a direct injection of a calcium phosphate 
implant resulted in increased pulmonary arterial pressure 
and decreased mean arterial blood pressure [17]. No similar 
changes were observed in this study following AGN1 injec-
tion. Qin et al. reported that a direct injection of a bipha-
sic calcium sulfate/calcium phosphate resulted in smaller 

Table 3   Ionized calcium, total calcium, and sulfate data pre- and post-injection of PMMA and AGN1

Values are median and range (n = 3 per group)

Pre-injection 3 min 10 min 30 min 60 min Expected range [26, 28–30]

Ionized Calcium (mmol/L) PMMA 1.22
(1.17–1.22)

1.20
(1.16–1.22)

1.20
(1.12–1.21)

1.19
(1.17–1.20)

1.21
(1.18–1.21)

1.10—2.20 mmol/L

AGN1 1.13
(1.05–1.19)

1.06
(1.05–1.16)

1.07
(0.99–1.16)

1.06
(1.01–1.18)

1.01
(1.00–1.14)

Total Calcium (mmol/L) PMMA 2.22
(2.09–2.24)

2.22
(2.09–2.24)

2.20
(2.08–2.23)

2.21
(2.08–2.23)

2.20
(2.06–2.25)

2.80—3.20 mmol/L

AGN1 2.00
(1.94–2.40)

2.01
(1.97–2.39)

2.01
(1.96–2.39)

1.95
(1.93–2.38)

1.94
(1.89–2.33)

Inorganic Sulfate (mg/dL) PMMA 1.81
(1.80–2.01)

1.85
(1.83–2.00)

1.83
(1.77–1.91)

1.92
(1.73–2.01)

1.91
(1.71–1.92)

Not well characterized:11.9 mg/dL

AGN1 1.70
(1.32–1.88)

1.77
(1.38–1.87)

1.74
(1.44–1.77)

1.72
(1.32–1.81)

1.78
(1.29–1.79)
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Fig. 2   Thrombin-antithrombin concentration. Change in thrombin-
antithrombin (TAT) concentration (ng/dL) post-injection of PMMA 
(n = 3) (A) and AGN1 (n = 3) (B)
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changes in pulmonary arterial pressure, mean arterial blood 
pressure, and blood gas when compared to PMMA [18].

The less frequent and less severe lung thrombotic changes 
in the AGN1 group were correlated with the reduced plasma 
levels of thrombin-antithrombin (TAT) which are known 
to be elevated during coagulation and in the procoagulant 
state [22]. TAT complex for all sheep remained below the 
reported physiological range (TAT ≤ 15 ng/mL) [23]; how-
ever, two PMMA sheep had TAT increases of 3 ng/mL after 
intravenous injection. Similar  TAT increases following 
intravenous PMMA injection have been reported previously 
[18].

The lack of systemic activation of blood clotting by the 
triphasic AGN1 implant material used in this study has 
been reported for other, but not all, calcium phosphate 
formulations. Severe clot activation observed with one cal-
cium phosphate formulation was hypothesized to be due 
to the implant material’s surface morphology activating 
the coagulation pathway by providing a surface for clot 
formation combined with calcium released into the vascu-
lature providing a cofactor for coagulation activation [16]. 
One suggestion for the relative lack of reactivity of the 
triphasic implant material in the present study is that the 
crystalline structure of the calcium sulfate, brushite and 
tricalcium phosphate in the implant material is less reac-
tive and there is no increase in circulating levels of cal-
cium after injection. An additional factor may be the lack 
of fragmentation or disintegration of the triphasic implant 
material following intravascular injection as reported with 
other injectable calcium phosphate materials [17, 18]. It 
has been hypothesized that cement disintegration could 

result in an increased number of emboli due to fragmenta-
tion and calcium ions released [17].

Strengths of this study are the clinically relevant 
sheep large animal model, the precise control of timing 
and implant material injection volumes directly into the 
venous circulation, the range of analyses performed, and 
the blinded nature of the study. The main limitation is 
the small sample size allowing only for qualitative com-
parisons. The short observation period and the differences 
between the animal model and actual clinical use are fur-
ther limitations. Although inducing leakage in a vertebral 
body model would more closely mimic clinical usage, it 
would not allow control of the volume or location of the 
implant leakage into the vasculature system. Additionally, 

Fig. 3   CT Scan reconstruction. 
Digitally reconstructed post-
injection CT images with the 
implant materials highlighted in 
color: PMMA (A and A’) and 
AGN1 (B and B’). Ventrodorsal 
(A and B) and latero-lateral (A’ 
and B’) projections. PMMA 
cement was found in the vena 
cava and femoral vein (3 of 
3 sheep) and lungs of 1 of 3 
animals (A, A’). AGN1 implant 
material was found only in the 
vena cava and femoral vein (3 
of 3 sheep; B, B’)

A

A’

B

B’

AGN1PMMA

Thrombi Micro-
thrombi

Capillary 
microthrombi
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Fig. 4   Histopathologic semiquantitative assessment of severity of 
lung thrombotic changes assessed post-injection of PMMA and 
AGN1. Scale of 0 to 5 represents absent to massive severity. Bars rep-
resent median severity of the three animals; dots represent the median 
severity of ten different locations per animal
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inducing leakage into a vertebral body as the result of 
implant injection would produce fat emboli, potentially 
masking the effect of implant material leakage [24, 25].

Conclusion

This study demonstrated that the acute systemic and 
thromboembolic effects of a direct injection of a tripha-
sic calcium-based implant material into the femoral vein 

appear to be comparable to or less than the effects of an 
injection of PMMA bone cement. Specifically, the severity 
and incidence of pulmonary histological changes may be 
lower for AGN1 compared to PMMA; however, a larger 
study would be required to determine whether these data 
are statistically significant. These preliminary safety data 
are supportive of further clinical evaluation of the implant 
material for vertebral augmentation.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00586-​022-​07303-x.

Fig. 6   Representative micro-
photography of pulmonary 
capillary obstruction complex 
observed post-injection at 
multiple locations within the 
lungs of all PMMA sheep. A, 
A’: unaffected location of a 
PMMA animal, B, B’: affected 
location of another PMMA 
animal, grade 4. A + B (lower 
magnification): Increased tissue 
density (B), compared to (A) 
an unaffected location. A’ + B’ 
(higher magnification): Note the 
thickening of the alveolar blood 
barrier (open arrows), and the 
decreased alveolar space (open 
asterisk) caused by increased 
capillary filling combined 
with neutrophils, hemorrhage 
(Hematoxylin and eosin-stained 
sections; scale bars 1 mm (A, 
B) and 50 µm (A’, B’)
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Fig. 5   Histomorphometric quantification of thrombotic changes 
within the lungs post-injection of PMMA and AGN1. Number of 
thrombi in large-sized vessels (A), in medium-sized vessels (B), and 

capillaries (C). Bars represent mean of the three animals; dots repre-
sent the sum of ten different locations per animal (each location 1 cm2 
in size)
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