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Abstract PURPOSE: To characterize the gross, histologic, and systemic changes caused by implantation of
metal fragments commonly used in commercial bullets into the intervertebral disc.
BACKGROUND CONTEXT: Long-term complications of retained bullet fragments in the spine
have been documented in the literature; however, the impact of different metal projectiles on the
intervertebral disc has not been described. This study was performed to assess the local effects of
the metallic bullet fragments on the intervertebral disc and their systemic effects regarding metal
ion concentrations in serum and solid organs.

STUDY DESIGN: Animal Model Study.

METHODS: Funding for this project was provided by the Cervical Spine Research Society in the
amount of $10,000. Copper, lead, and aluminum alloys from commercially available bullets were sur-
gically implanted into sequential intervertebral discs in the lumbar spine of six canines. Kirschner wire
implantation and a sham operation were performed as controls. Radiographs were performed to con-
firm the location of the bullets. Animals were sacrificed at 4, 6, and 9 months postimplantation. Whole
blood, plasma, cerebrospinal fluid, kidney tissue, and liver tissue samples were analyzed for copper
and lead concentrations. Histologic and gross samples were examined at the time of sacrifice.
RESULTS: Significant tissue reactions were noted in the discs exposed to copper and lead. Copper
resulted in significantly more severe disc degeneration than either the lead or aluminum alloy. In
the short interval follow-up of this study, no statistically significant trend was observed in whole
blood, plasma, cerebrospinal fluid, and tissue levels.

CONCLUSION: This study demonstrates that the canine intervertebral disc is differentially suscepti-
ble to metallic fragments depending on the composition. Trends were noted for increasing levels of
lead and copper in liver tissue samples although statistical significance could not be reached due to
short time interval and small sample size. The metallic composition of retained fragments can be a
determining factor in deciding on surgical intervention. © 2018 Elsevier Inc. All rights reserved.
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Introduction

The long-term local effects of bullet fragments lodged
within the intervertebral disc and the effect on distant
organs and ionic blood levels have not been well described.
The aim of this study was to characterize the effects of dif-
ferent metals commonly used in commercial bullets
implanted within the intervertebral disc using a canine
model. Previously, the effects of different bullet composi-
tions on the spinal cord were reported. It was shown that
implanted copper and, to a lesser degree, lead fragments
led to significant destructive and inflammatory changes
within the spinal cord as compared to aluminum bullet frag-
ments [1]. In this current study, we examined the local and
systemic effects of surgically implanted copper, lead, and
aluminum bullet fragments within the intervertebral disc.
Long-term clinical consequences of retained fragments
have been described [2,3]; however, the specific effects
relating to bullet composition have not. With considerable
controversy remaining about the timing and indications for
surgical removal of bullets or bullet fragments lodged
within the intervertebral disc [4], investigation of the
effects of the bullets on the local tissues, systemic serum as
well as distant organs may help provide better prognostic
information for patients.

Materials and methods

Canine model

The committee on animal research approved our proto-
col including all of the surgical procedures. Six purpose-
bred Mongrel dogs, approximately 6 months of age and
weighing an average of 23.5 kg (range 22—25.6 kg), under-
went surgical implantation of bullet cores or casings at
sequential intervertebral disc space levels in the lumbar
spine. Stainless steel Kirschner wire implantation served as
a placebo disc level. A sham operation, drilling a hole into
the disc space without any implantation was a second con-
trol. The Mongrel dog model was chosen because a rela-
tively large animal model was needed to minimize bullet
fragment extrusion from the implantation sites. The proce-
dures were done under general anesthesia using standard
sterile conditions and surgical technique. Two dogs were
sacrificed each at 4, 6, and 9 months. The animals were
housed in the medical sciences building for the duration of
the study and allowed unlimited activity on the grounds at
our veterinary facility prior to sacrifice. Postoperatively,
the animals were monitored for signs of neurologic com-
promise, lead toxicity, and infection. None of the animals
showed any of the aforementioned side effects during the
study period.

Bullet composition

Three commercially available bullet cartridges supplied
by a local gun shop were used. The metals examined in this

study were copper, lead, and aluminum. The lead cores
were not altered prior to implantation. The copper and alu-
minum jackets were peeled off of their cores and then rolled
into a solid mass with a size and shape similar to the lead
bullets. The lead core fragments were taken from American
Eagle 0.38 Special 158 grain (7,000 grains/pound or 15.4
grains/gram) lead round nose pistol cartridges (Federal Car-
tridge Co., Anoka, MN). The chemical composition of the
lead alloy was roughly 92.4% lead, 6.2% antimony, 0.45%
tin, and trace impurities [5]. The copper jacket fragments
were taken from American Eagle 9 mm Luger automatic
pistol 124 grain metal case bullet cartridges (Federal Car-
tridge Co., Anoka, MN). The copper was nearly 99.9%
pure with only trace impurities [5]. The Silvertip jacket
fragments were taken from Winchester 44 S & W Special
200 grain Silvertip hollow point bullet cartridges (Olin
Corp., East Alton, IL). Although the name Silvertip implies
that silver is contained within the alloy, the content was as
follows: 98.5% aluminum, 1.2% manganese, and 0.12%
copper with other trace impurities [6].

Surgical technique

The dogs were anesthetized with intravenous ketamine (43
mg/mL), xylazine (8.6 mg/mL), and acepromazine (1.4 mg/
mL). Cefazolin (30 mg/kg) was given intramuscularly preop-
eratively and on the first and second postoperative days.
Once deeply anesthetized, the animals were placed into a lat-
eral decubitus position and the left lateral abdomen and flank
were prepped. Then, using a retroperitoneal exposure, the
anterior aspect of the lumbar spine was exposed. A drill hole
was made through the anterolateral aspect of the anterior lon-
gitudinal ligament of each of the lumbar disc spaces using a
1/8 inch drill bid. An entrance hole was made in the interver-
tebral disc by hand after piercing the annulus, and the respec-
tive bullet fragment was placed within the disc space. All
fragments were shaped so that they easily fit within the space
created. Postoperative pain was managed with buprenex
intramuscular 0.02 to 0.05 mg/kg every 12 hours.

The lumbar region was chosen because the large size of
the disc could accommodate a foreign body without
compromising the spinal canal. Each disc level held one
type of bullet or fragment and each animal underwent all
five experimental protocols. From cephalad to caudal, the
order of implantation was a whole copper jacket rolled into
a bullet shape (L1—L2), a sham hole (L2—L3), a whole
lead bullet (IL3—L4), stainless steel wire control (L4—L5),
and a Silvertip jacket rolled into a bullet shape (L5—L6).
Prior to implantation, the fragments were thoroughly
washed with betadine detergent and heat sterilized.

Cerebrospinal fluid (CSF) was obtained using a 22 gauge
spinal needle with stylet and a short bevel via a posterior
occiput-C1 approach. The fluid was placed directly into
sterile royal blue stopper trace element blood collection
tubes (Sherwood Medical, St. Louis, MO) prior to analysis.
The animals were euthanized using sodium pentobarbital
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Fig. 1. (A) Anteroposterior and lateral radiographs one week postimplantation demonstrating metallic fragments within intervertebral discs. Al, aluminum;
Stainless, stainless steel (K-wire); Pb, lead; Sham, no implant; Cu, copper. (B) Anteroposterior and lateral radiographs 6 months postimplantation demonstrat-
ing a cystic lesion adjacent to the lead bullet. Al, aluminum; Stainless, stainless steel (K-wire); Pb, lead; Sham, no implant; Cu, copper.

100 mg/kg or more as needed intravenously after intramus-
cular sedation with atropine and acepromazine. Immedi-
ately postmortem, the fragments were retrieved using the
same approach described above for implantation.

Sample analysis

CSF samples were collected prior to implantation and
after sacrifice. Whole blood and plasma were collected
prior to implantation and at 8-week intervals until the time
of sacrifice. Kidney and liver tissue samples were only col-
lected at the time of sacrifice.

A

All blood and CSF samples were stored on dry ice and
analyzed by the State of Florida Department of Agricul-
ture and Consumer Services, Bureau of Diagnostic Labo-
ratories (Kissimmee Diagnostic Laboratory Kissimmee,
FL). A PerkinElmer model-3030 atomic absorption spec-
trometer with a deuterium arc background correction and
a heated graphite furnace atomizer (HGA)-400 graphite
furnace (PerkinElmer) were used for lead and copper
analysis, respectively, according to the manufacturer’s
recommendation. The kidney and liver samples were also
stored on dry ice. They were analyzed by National Medi-
cal Services (Willow Grove, PA) by flame atomic

Fig. 2. (A—D) Gross samples from the animals sacrificed at 4 months. (A) The sham operation produced mild fibrosis of the disc without destruction. (B)
Lead implantation resulted in erosion of the area of the disc surrounding the bullet. (C) Copper fragment implantation caused destructive changes which are
subjectively more intense than lead, sham, and aluminum. (D): Aluminum fragment implantation produced minimal changes to the disc.
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Fig. 3. Gross sample 6 months postimplantation with copper fragment
demonstrating extensive destruction of the entire disc.

absorption spectroscopy, for the copper values, and
graphite furnace atomic absorption spectroscopy, for the
lead values.

Radiographic evaluation

Anteroposterior and lateral radiographs of the spine were
obtained 1 week after implantation of the fragments and
repeated immediately prior to sacrifice.

Histology

After gross observation, histologic analysis of the inter-
vertebral discs using a subjective grading scale was per-
formed. The tissues were stained with hematoxylin and
eosin.

Statistical methods

Lead and copper metal analyses of whole blood, serum,
and CSF fluid, as well as levels from the kidney and liver
were performed on samples isolated at the time of spine
and intervertebral disc harvest. Aluminum, although a large
component of the Silvertip alloy, was not assayed in this
study. The Pearson correlation coefficient and an analysis
of variance were used to test the statistical significance of
changes in tissue samples and fluid samples, respectively.

Results

Radiographic results

Radiographs performed 1 week after fragment implanta-
tion were evaluated to confirm the location of the metal
fragments (Fig. 1A). The aluminum fragments are radiolu-
cent. Radiographs at 6 months postimplantation demon-
strated a cystic lesion adjacent to the lead bullet in one case
(Fig. 1B).

Gross examination

The implanted fragments produced a varied response
depending on the type of metal. Compared to the mild
fibrosis produced by the sham procedure (Fig. 2A), copper
and to a lesser degree lead resulted in destructive changes
to the intervertebral disc. Lead produced a moderate reac-
tion with localized tissue destruction (Fig. 2B). The copper
jackets were noted to cause severe destruction of the
nucleus pulposus which was replaced with necrotic tissue

Fig. 4. (A—C) Histologic sections of the intervertebral disc 4 months postimplantation stained with hematoxylin and eosin (100x magnification). (A) Lead
implantation resulted in an inflammatory reaction as well as microparticle deposition represented by the areas of darker discoloration. (B) Copper produced a
more intense inflammatory reaction with similar areas of microparticle deposition throughout the disc. (C) Aluminum did not produce an inflammatory

response.
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Table 1

Mean measurements of copper and lead content in liver and kidney tissue samples

4 months (N=2)

6 months (N=2) 9 months (N=2)

Liver-Copper (micrograms/gram) 91.0
Kidney-Copper (micrograms/gram) 54
Liver-Lead (micrograms/gram) 3.1
Kidney-Lead (micrograms/gram) 14

74.1 126.0
49 5.6
2.8 9.5
1.8 2.5

(Fig. 2C). The tissue changes were noted to extend radially
from the fragments. The degree of tissue destruction
increased with time (Figs. 2C and 3). Aluminum did not
stain or damage the intervertebral disc tissue (Fig. 2D).
Additionally, copper was noted to most consistently remain
in the intervertebral disc, while aluminum and lead shifted
slightly from the site of implantation in one and two cases,
respectively.

Histologic results

Subjectively, tissue changes observed in the interverte-
bral discs paralleled the gross findings. Lead implants
resulted in scattered areas of necrosis as well as a dense
infiltrate of chronic inflammatory cells and pigment laden
macrophages (Fig. 4A). Comparatively, a more intense
response was seen in the discs implanted with copper.
Numerous areas of necrosis and a dense infiltrate of chronic
inflammatory cells were visualized in the discs implanted
with copper fragments (Fig. 4B). For both copper and lead,
the severity of the inflammatory reaction was directly pro-
portional to the time of exposure. In contrast, the aluminum
fragments produced no inflammatory reaction (Fig. 4C).
This was the case for the sham and stainless steel control,
as well.

Whole blood, CSF, and liver analysis

The average copper and lead metal concentrations in
liver and kidney tissue obtained via biopsy immediately
prior to sacrifice are shown in Table 1. Average plasma and
whole blood concentrations of lead and copper at 2-month
intervals are shown in Table 2. Whole blood and plasma
were used to assay lead and copper, respectively, as per the
recommendations of the testing laboratory. Preoperative

Table 2

whole blood lead values were not available due to improper
collection. CSF lead and copper levels were only obtained
prior to fragment implantation and harvest and are also
reported in Table 2. Whole blood, plasma, and CSF samples
showed no statistically significant elevation in copper or
lead levels with time compared to preoperative values.

Liver analyzed for lead content at the time of harvest at
4, 6, and 9 months did show a threefold increase with time
(Table 1). Liver analyzed for copper content for similar har-
vest periods also trended upward. However, neither pattern
was statistically significant. Kidney copper and lead values
showed no pattern of elevation with time.

Discussion

Copper, lead, and aluminum are common components of
bullets. The results of this study show that these different
metals can produce profoundly different effects on the
intervertebral disc tissue. These data are similar to a previ-
ous observation on the effect of retained metallic fragments
on the spinal cord [1].

The reaction of tissues to metallic fragments is deter-
mined by the rate of metallic corrosion as well as the toxic-
ity of the products of corrosion [7,8]. In this study, copper
was most corrosive. A less intense response was seen with
lead as the area of destruction was localized to the perime-
ter of the bullet. In contrast, aluminum invoked little to no
reaction and the reaction was similar to the stainless steel
wire and the sham procedure. These destructive changes
with copper and lead fragments were noted to be time
dependent. Our findings are consistent with those of similar
investigators of the experimental effects of metal foreign
bodies on brain tissue [9], spinal cord [1], and bone [10].

Lead is a toxic metal that has been shown to compete
with calcium and thereby interfere with the regulation of

Mean measurements of copper content in serum and CSF, and of lead content in whole blood and CSF

Pre op (N=6) 8 weeks (N=6) 16 weeks (N=6) 24 weeks (N=4) 36 weeks (N=2)
Plasma-Copper (ppm) 0.370 0.290 0.400 0.360 0.380
CSF-Copper (ppm) 0.140 ‘ 0.080 0.100 0.040
Whole blood-Lead (ppm) 0.320 0.340 0.412 0.340
CSF-Lead (ppm) 0.021 ‘ 0.015 0.033 0.008

CSF, cerebrospinal fluid; ppm, parts per million.
* Value unavailable due to an error at the time of collection.
f CSF samples not obtained at this time point.
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cell metabolism [11,12]. Local and systemic toxicity may
occur from lead when it leaches out of a bullet located in
other locations in the human body. This has been described
with bullets bathed in synovial fluid [13—19] and with bul-
lets in the intervertebral disc [20,21]. In the short interval
of follow-up of this study, we did not detect statistically sig-
nificant increases of lead in blood, CSF, kidney tissue, or
liver tissue in our model although the concentration of lead
in liver was notably elevated at 9 months. Onset of symp-
toms of lead toxicity in patients with retained bullet frag-
ments in the spine and elsewhere whose symptoms
improved after extraction of the metal was as early as 3
days or as late as 40 years after the initial injury [2,20—25].
Despite a trend in levels of lead in the liver tissue, the data
are limited to interpretation due to the brief study duration
period which limited statistical evaluation. Moreover, the
small sample size limits the power of the study. None of the
animals in this experiment displayed any signs of neuro-
logic compromise or acute lead toxicity. Our findings on
plain films of a pseudocyst adjacent to the intervertebral
disc containing the lead fragment are consistent with other
reports described elsewhere [4,20,23,26].

Copper has repeatedly been shown to exert a toxic and
immunogenic effect on brain tissue resulting in necrosis
[8,10,27—31]. Examining the histologic and gross speci-
mens retrieved in this study suggests that copper exerts sim-
ilar toxic effects on the intervertebral disc. Sights and Bye
described marked inflammatory changes consisting of
closely packed mononuclear cells and many pigment-laden
macrophages in brain tissue exposed to copper pellets [9].
Similarly, our copper-exposed tissue samples showed a
dense inflammatory infiltrate. The effect of copper to
inhibit fibroblasts has previously been described and may
be related to the results observed here [32]. In our model,
elevated copper levels were seen with time in the liver, but
not for the kidney. The changes were notable but were not
statistically significant. Venable et al. implanted screws of
various metallic compositions into the radius in 24 dogs.
Among the dogs in which copper was part of the alloy
used, excess copper was found in the liver and kidney [10].
Many commercially available bullets are jacketed with cop-
per and radiological evidence of metallic foreign bodies of
different densities can aid in determining the presence of
copper [8]. Due to its caustic effects on neural tissue, some
authors recommend removal of bullets containing copper
from the spinal canal [33—35]. To our knowledge, no litera-
ture exists on the destructive effects of copper on the inter-
vertebral disc.

Based on histologic and gross examination, aluminum
appears to exert little to no effect on the intervertebral disc.
We did not test for blood, CSF, kidney tissue, or liver tissue
for aluminum in this study. To our knowledge, no report of
systemic aluminum toxicity from bullets has been published.

Surgery to remove a bullet from the spine is not without
risk. Infection, CSF leaks, and postoperative instability are
documented complications [36—44]. The effects of copper

and lead on the intervertebral disc observed in this study
will definitely contribute to premature degenerative
changes in the disc and may eventually lead to pain and
instability.

The results of our study show that the intervertebral disc
can have profoundly different reactions to metal fragments
from commercially available bullet cartridges depending
on the type of metal fragment. The metallic composition of
the retained fragments may be a determining factor in
deciding on surgical intervention [45]. Copper bullet frag-
ments and, to a lesser degree, lead cause intense destruction
which can be clearly seen in both gross and histologic sam-
ples. Our results show that the metallic composition is an
important factor to be considered when deciding whether to
remove bullet fragments retained within the intervertebral
disc following a gunshot wound [46].

Funding

Funding for this project was provided by the Cervical
Spine Research Society.

References

[1] Tindel NL, Marcillo AE, Tay BK, Bunge RP, Eismont FJ. The effect
of surgically implanted bullet fragments on the spinal cord in a rabbit
model. J Bone Joint Surg Am 2001;83-A:884-90.

[2] Scuderi GJ, Vaccaro AR, Fitzhenry LN, Greenberg S, Eismont F.
Long-term clinical manifestations of retained bullet fragments within
the intervertebral disk space. J Spinal Disord Tech 2004;17:108-11.

[3] Ariffin M, Noreen F, Nor Hamdan Y, Shaharuddin AR, Azmi B.
Retained intraspinal bullet: a rare case in a visitor to Malaysia—a
case report. Malays Orthop J 2012;6:45-7.

[4] Bellabarba C. Expert’s comment concerning Grand Rounds case enti-
tled "Lead toxicity and management of gunshot wounds in the lumbar
spine” (by B. Rentfrow, R. Vaidya, C. Elia, A. Sethi. Eur Spine J
2013;22:2358-9. doi: 10.1007/s00586-013-2805-6).

[5] Federal Cartridge Corporation. Anoka, MN: Personal Communica-
tion, 2000.

[6] Winchester/Olin Corporation. East Alton, IL: Personal Communica-
tion, 2000.

[7] McFadden JT. Metallurgical principles in neurosurgery. J Neurosurg
1969;31:373-85.

[8] Messer HD, Cerza PF. Copper jacketed bullets in the central nervous
system. Neuroradiology 1976;12:121-9.

[9] Sights WP, Bye RIJ. The fate of retained intracerebral shotgun pellets.
An experimental study. J Neurosurg 1970;33:646-53.

[10] Venable CS, Stuck WG, Beach A. The effects on bone of the presence
of metals; based upon electrolysis: an experimental study. Ann Surg
1937;105:917-38.

[11] Simons TJ. Cellular interactions between lead and calcium. Br Med
Bull 1986;42:431-4.

[12] Flora SJ, Pachauri V. Chelation in metal intoxication. Int J Environ
Res Public Health 2010;7:2745-88.

[13] Bolanos AA, Demizio Jr. JP, Vigorita VJ, Bryk E. Lead poisoning
from an intra-articular shotgun pellet in the knee treated with arthro-
scopic extraction and chelation therapy. A case report. J] Bone Joint
Surg Am 1996;78:422-6.

[14] Cagin CR, Diloy-Puray M, Westerman MP. Bullets, lead poisoning
and thyrotoxicosis. Ann Intern Med 1978;89:509-11.

[15] Leonard MH. The solution of lead by synovial fluid. Clin Orthop
1969;64:255-61.


http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0001
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0001
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0001
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0002
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0002
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0002
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0003
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0003
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0003
https://doi.org/10.1007/s00586-013-2805-6)
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0005
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0005
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0006
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0006
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0007
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0007
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0008
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0008
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0008
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0009
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0009
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0010
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0010
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0011
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0011
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0011
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0011
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0012
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0012
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0013
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0013

N.L. Tindel et al. / The Spine Journal 19 (2019) 755761 761

[16] Primm Jr. DD. Lead arthropathy—progressive destruction of a joint
by a retained bullet. Case report. J] Bone Joint Surg Am 1984;66:
292-4.

[17] Switz DM, Elmorshidy ME, Deyerle WM. Bullets, joints, and lead
intoxication. A remarkable and instructive case. Arch Intern Med
1976;136:939-41.

[18] Windler EC, SMith RB, Bryan WJ, Woods GW. Lead intoxication
and traumatic arthritis of the hip secondary to retained bullet frag-
ments. A case report. ] Bone Joint Surg Am 1978;60:254-5.

[19] McQuirter JL, Rothenberg SJ, Dinkins GA, Kondrashov V, Manalo M,
Todd AC. Change in blood lead concentration up to 1 year after a gun-
shot wound with a retained bullet. Am J Epidemiol 2004;159:683-92.

[20] Grogan DP, Bucholz RW. Acute lead intoxication from a bullet in an
intervertebral disc space. A case report. J Bone Joint Surg Am
1981;63:1180-2.

[21] Rentfrow B, Vaidya R, Elia C, Sethi A. Lead toxicity and management
of gunshot wounds in the lumbar spine. Eur Spine J 2013;22:2353-7.

[22] Madureira PR, De Capitani EM, Vieira RJ, Sakuma AM, Toledo AS,
Mello SM. Lead poisoning due to gunshot bullet in contact with cere-
brospinal fluid: case report. Sao Paulo Med J 2009;127:52—4.

[23] Linden MA, Manton WI, Stewart RM, Thal ER, Feit H. Lead poison-
ing from retained bullets. Pathogenesis, diagnosis, and management.
Ann Surg 1982;195:305-13.

[24] Cristante AF, de Souza FI, Barros Filho TE, Oliveira RP, Marcon
RM. Lead poisoning by intradiscal firearm bullet: a case report. Spine
2010;35:E140-3.

[25] Dillman RO, Crumb CK, Lidsky MJ. Lead poisoning from a gunshot
wound. Report of a case and review of the literature. Am J Med
1979;66:509-14.

[26] Shroyer RN, Fortson CH, Theodotou CB. Delayed neurological
sequelae of a retained foreign body (lead bullet) in the intervertebral
disc space. J Bone Joint Surg Am 1960;42-A:595-9.

[27] Messer HD. Foreign objects in the spinal canal. JAMA 1979;241:
2701.

[28] Nino HE, Leppik IE, Lai C, Martin S. Progressive sensory loss one
year after bullet injury of spinal cord. JAMA 1978;240:1173-4.

[29] Ott K, Tarlov E, Crowell R, Papadakis N. Retained intracranial metal-
lic foreign bodies. Report of two cases. J Neurosurg 1976;44:80-3.

[30] Tumialan LM, Walkup RR, Gupta SK. Minimally invasive retrieval
of a bullet from the L5-S1 neural foramina after transperitoneal gun-
shot wound. Spine J 2009;9:169-73.

[31] Chusid JG, Kopeloff LM. Epileptogenic effects of pure metals
implanted in motor cortex of monkeys. J Appl Physiol 1962;17:
697-700.

[32] Paasche G, Ceschi P, Lobler M, Rosl C, Gomes P, Hahn A, et al.
Effects of metal ions on fibroblasts and spiral ganglion cells. J Neuro-
sci Res 2011;89:611-7.

[33] Wigle RL. Treatment of asymptomatic gunshot injuries to the spine.
Am Surg 1989;55:591-5.

[34] Gjolaj JP, Eismont FJ. Gunshot injuries to the spine. JBJS Rev
2015;3.

[35] Bono CM, Heary RF. Gunshot wounds to the spine. Spine J
2004;4:230-40.

[36] Waters RL, Adkins RH. The effects of removal of bullet fragments
retained in the spinal canal. A collaborative study by the National
Spinal Cord Injury Model Systems. Spine 1991;16:934-9.

[37] Stauffer ES, Wood RW, Kelly EG. Gunshot wounds of the spine:
the effects of laminectomy. J Bone Joint Surg Am 1979:61:
389-92.

[38] Quigley KJ, Place HM. The role of debridement and antibiotics in gun-
shot wounds to the spine. J Trauma 2006;60:814-9. discussion 9-20.

[39] Nwosu K, Eftekhary N, McCoy E, Bhalla A, Fukunaga D, Rolfe K.
Surgical management of civilian gunshot-induced spinal cord injury:
is it overutilized? Spine 2017;42:E117-24.

[40] Kahraman S, Gonul E, Kayali H, Sirin S, Duz B, Beduk A, et al. Ret-
rospective analysis of spinal missile injuries. Neurosurg Rev
2004;27:42-5.

[41] Jakoi A, Iorio J, Howell R, Zampini JM. Gunshot injuries of the
spine. Spine J 2015;15:2077-85.

[42] Sidhu GS, Ghag A, Prokuski V, Vaccaro AR, Radcliff KE. Civilian
gunshot injuries of the spinal cord: a systematic review of the current
literature. Clin Orthop 2013;471:3945-55.

[43] Possley DR, Blair JA, Schoenfeld AJ, Lehman RA, Hsu JR. Skeletal
Trauma Research C. Complications associated with military spine
injuries. Spine J 2012;12:756-61.

[44] Bumpass DB, Buchowski JM, Park A, et al. An update on civilian spi-
nal gunshot wounds: treatment, neurological recovery, and complica-
tions. Spine 2015;40:450-61.

[45] Jaiswal M, Mittal RS. Concept of gunshot wound spine. Asian Spine J
2013;7:359-64.

[46] Doll M, Baum H. Retained intraspinal bullet—an illustrative case
report. Neurosurg Rev 1989;12:67-70.


http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0014
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0014
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0014
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0015
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0015
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0015
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0016
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0016
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0016
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0017
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0017
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0017
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0018
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0018
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0018
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0019
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0019
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0020
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0020
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0020
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0021
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0021
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0021
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0022
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0022
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0022
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0023
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0023
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0023
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0024
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0024
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0024
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0025
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0025
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0026
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0026
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0027
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0027
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0028
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0028
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0028
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0029
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0029
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0029
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0030
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0030
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0030
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0031
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0031
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0032
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0032
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0033
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0033
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0034
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0034
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0034
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0035
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0035
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0035
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0036
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0036
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0037
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0037
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0037
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0038
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0038
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0038
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0039
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0039
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0040
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0040
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0040
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0041
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0041
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0041
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0042
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0042
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0042
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0043
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0043
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0044
http://refhub.elsevier.com/S1529-9430(18)31138-0/sbref0044

	The effect of surgically implanted metallic bullet fragments on the intervertebral disc using a canine model*
	Introduction
	Materials and methods
	Canine model
	Bullet composition
	Surgical technique
	Sample analysis
	Radiographic evaluation
	Histology
	Statistical methods

	Results
	Radiographic results
	Gross examination
	Histologic results
	Whole blood, CSF, and liver analysis

	Discussion
	Funding
	References


