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a b s t r a c t

This review of the historical medical literature aimed at understanding the evolution of surgical manage-
ment of degenerative spondylolisthesis over time. The Medic@, IndexCat and Gallica historical databases
and PubMed and Embase medical databases were used, with several search-terms, exploring the years
1700–2018. Data from anatomical, biomechanical, pathophysiological and surgical studies were com-
piled. In total, 150 documents were obtained, dating from 1782 to 2018: 139 from PubMed, 1 from
Medic@, 7 from IndexCat, and 3 from Gallica. The review thus ranges in time from (1) description of the
first clinical cases by several authors in Europe (1782), (2) the identification of a distinct entity by MacNab
(1963), and (3) surgical management by the emerging discipline of minimally invasive spine surgery, to its
subsequent evolution up to the present day. Spondylolisthesis is a frequent condition potentially respon-
sible for a variety of functional impairments. Understanding and surgical management have progressed
since the 20th century. Historically, the first descriptions of treatments concerned only spondylolisthe-
sis associated with spondylolysis, especially in young adults. More recently, there has been progress in

the understanding of the disease in elderly people, with the recognition of degenerative spondylolisthe-
sis. New technologies and surgical techniques, aided by advances in supportive care, now provide spine
surgeons with powerful treatment tools. Better knowledge of the evolution of surgery throughout his-
tory should enable better understanding of current approaches and concepts for treating degenerative
spondylolisthesis.

© 2019 Elsevier Masson SAS. All rights reserved.
. Abbreviations

LIF anterior lumbar interbody fusion
T computed tomography
S degenerative spondylolisthesis
IS minimally invasive surgery

LIF posterior lumbar interbody fusion
RISMA preferred reporting items for systematic reviews and
meta-analyses
LIF transforaminal lumbar interbody fusion

∗ Corresponding author. Department of neurosurgery, teaching hospital, 4, rue
arrey, 49100 Angers, France.

E-mail address: bernardflorian.bf@gmail.com (F. Bernard).

https://doi.org/10.1016/j.neuchi.2019.03.006
028-3770/© 2019 Elsevier Masson SAS. All rights reserved.
2. Introduction

Degenerative spondylolisthesis (DS) is one of the most com-
monly encountered spine conditions. It was the object of increased
research interest during the 20th century (Fig. 1). DS appeared in
the literature decades earlier under a different name, but the term
was first used in the 1960s by Newman and Stone [1]. Spondy-
lolisthesis is derived from the Greek terms “spondylos” meaning
vertebra and “olisthesis” meaning to slip forward.

This condition probably includes different pathophysiological
entities [2–6]. DS, also known as arthritis spondylolisthesis, is dif-
ferentiated from isthmic spondylolisthesis by pars interarticularis
disruption [7]. Despite its frequent occurrence, the pathophysiol-
ogy of the vertebral slippage remains controversial, and numerous
treatment options are available. Symptomatic DS can be due to

either spinal stenosis, typically causing lower-limb symptoms, or
mechanical low-back pain, impairing quality of life [7]. This pattern
typically associates lower limb pain, paresthesia, and a sensation of

https://doi.org/10.1016/j.neuchi.2019.03.006
http://www.sciencedirect.com/science/journal/00283770
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuchi.2019.03.006&domain=pdf
mailto:bernardflorian.bf@gmail.com
https://doi.org/10.1016/j.neuchi.2019.03.006
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Fig. 1. Chart of PubMed publications on “degene

eaviness or weakness walking or standing. These aspects are well
ocumented and have previously been reviewed (see, for example
8–10]).

However, historical references are scarce in the literature and
enerally limited to a few lines in review articles, usually recent and
ncluding only English-language sources. Thanks to the new online
vailability of previously unpublished source articles, we know that
his condition was previously described in the French and German
iterature. These historical data can improve understanding of the
istorical construction of the concept of DS and provide insight into
linical and therapeutic practices currently proposed in different
edical specialties and countries.
The aim of this paper was to carry out a systematic review of the

edical literature. We focused on the presence of the condition in
he literature and on means of surgical management, seeking to
nderstand the mechanisms that governed their evolution.

. Methods

PRISMA (Preferred Reporting Items for Systematic reviews and
eta-Analyses) consists in a minimum set of items for reporting in

ystematic reviews and meta-analyses. It focuses on the reporting
f reviews evaluating randomized trials, but can also be used as a
asis for reporting systematic reviews of other types of research
11].

.1. Bibliographic databases

The following databases were examined:

literature before 1946: Medic@ Library (BIU Santé Paris, 2017);
IndexCat (Index-Catalog of the Library of the Surgeon-General’s
Office, US National Library of Medicine, 2017); and Gallica (Bib-
liothèque Nationale Française, 2017);
literature published since 1946 was accessed via Internet
and database searches of both public and academic literature
(PubMed, PubMed Central, and MEDLINE).
.2. Keywords

The search-term used for all databases was “degenerative
pondylolisthesis”. As this term was introduced by Newman only
spondylolisthesis” over time from 1957 to 2018.

in 1963; other search-terms were also used: “pseudospondylolis-
thesis” and “listhesis”.

3.3. Exclusion criteria

The search tools provided a first set of sources that were more
or less relevant and therefore required additional sorting. Exclusion
criteria were as follows:

• study not focusing on degenerative spondylolisthesis (spondy-
lolisthesis with spondylolysis, lumbar spinal stenosis, infectious
spinal disease, etc.;

• off topic: indexing error or aberrant result (non-spinal cases, such
as obstetric);

• duplicate;
• review article.

3.4. Final sample

After examination of Abstracts based on the inclusion and exclu-
sion criteria, 150 articles were chosen for full-text examination, 49
of which finally fulfilled the inclusion criteria. Fig. 2 is a PRISMA
flow diagram, which illustrates the number of articles at each data
acquisition level, the number of excluded articles, and the reasons
for exclusion.

4. Anatomy of degenerative spondylolisthesis

4.1. First anatomical descriptions

Spondylolisthesis was first described in 1782 by Herbiniaux,
a Belgian obstetrician. In his Traité pour divers accouchements
laborieux [12], he describes a case of “spondyloptosis” (corre-
sponding to Meyerding grade IV spondylolisthesis [13]) as a
factor of mechanical obstruction to delivery. In Herbiniaux’s case
report, the affected vertebral body decreased the diameter of
the pelvic inlet (Fig. 3). Secondly, in an anatomical work, Robert
de Koblenz, professor of medicine at the University of Mar-
burg, described the notion of posterior vertebral instability and

underlined the involvement of posterior arch instability in the
genesis of L5-S1 spondylolisthesis [14]. After successively sec-
tioning posterior arches, discs and intervertebral ligaments, he
emphasized the importance of posterior arch integrity in the
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Fig. 2. PRISMA flowchart showing the flow of informa

revention of spondylolisthesis. In 1865, he performed osteoliga-
entous resections of the lumbar spine, and for the first time

escribed acquired iatrogenic instability by posterior destabiliza-
ion [15].
.2. Toward a new entity

The terms spondylolisthesis and spondylolysis were con-
used until 1930 [15]. Spondylolisthesis was first understood as
hrough the different phases of the systematic review.

an acquired pathology resulting from spondylolysis, concerning
mostly the pediatric population or young adults. In 1930, Junghanns
and Schmorl introduced the term “pseudospondylolisthesis”, cor-
responding to spondylolisthesis without isthmic lysis [8,16,17].
In 1950, MacNab (Fig. 4F) referred to this as intact neural arc

spondylolisthesis [18]. Finally, in 1963, Newmann first used
the term “degenerative spondylolisthesis”, concerning an elderly
female population [1]. Thus, the understanding of DS as a separate
pathophysiological entity has evolved.
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Fig. 3. Drawings of first description of spondylolisthesis by Herbiniaux in Traité pour divers accouchements laborieux, 1782.

Source gallica.bnf.fr/Bibliothèque Nationale de France.

Fig. 4. Emblematic figures the degenerative spondylolisthesis in chronological order. A. Fred H. Albee (1876–1945). B. Russell A. Hibbs (1869–1932). C. Willis C. Campbell
(1880–1941). D. Norman Leslie Capener (1898–1975). E. Donald E. King (1903–1987). F. Ian MacNab (1921–1992). G. Ralph B. Cloward (1908–2000). H. William H. Kirkaldy-
Willis (1914–2006). I. Leon Wiltse (1913–2005). J. Jürgen Harms (1944–). K. Arthur S. Stefee. L. Kevin Foley.
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.3. Sagittal balance

Several studies reported the close relationship between DS
nd overall sagittal balance and spinopelvic parameters. Recent
tudies investigated the relationship between pelvic parameters
nd the development of DS [19,20]. In 2017, Radovanovic et al.
emonstrated an association between sagittal balance and postop-
rative outcome specific to a DS cohort [21]. This sagittal balance
actor should be considered during operative planning and coun-
eling of patient expectations [6,21,22]. For this, preoperative full
pine imaging seems crucial.

Since the 1932 Meyerding grading system [23], various classifi-
ations attempted to provide further biomechanical understanding
f this disease. However, they were based on etiology, topography
r slippage grading (percentage), and were restricted to segmen-
al analysis [18,23,24]. The role of regional or global misalignment
as not considered. None of these systems provide surgeons with
comprehensive analysis of DS or guidance for optimal care. A new
-type DS classification based on sagittal alignment was proposed
y Gille et al. [6] in 2017, based on rating sagittal full-body stand-

ng radiographs (EOS system, EOS Imaging, Paris, France) as used in
outine. Type 1 is a harmonious and aligned spine, type 2 is com-
ensated spinal misalignment, and type 3 is impaired global sagittal
lignment; severity increases from type 1 to type 3 [6]. As shown
y Kumar et al., neglecting the role of sagittal alignment in DS may

ead to poor clinical outcome and poor patient satisfaction [25]. This
ecent classification fully combines segmental, regional and global
nalysis of sagittal balance in DS, and may prove a useful tool for
omprehensive analysis before surgical treatment, taking sagittal
alance into account.

. Pathophysiology of degenerative spondylolisthesis

.1. The “three joint complex”

Historically, DS progressively came to be understood biome-
hanically. In 1978, Kirkaldy-Willis (Fig. 4H) considered DS as a
egenerative pathology involving a “three joint complex” com-
rising the intervertebral disc and two posterior zygapophyseal
facet) joints [26]. Thus, spondylolisthesis gradually came to be
nderstood as a progressive degenerative pathology with grad-
al destabilization of the spine. DS was increasingly described as
multifactorial process, involving the above causes plus degenera-

ive aging processes, affecting both the intervertebral disc and facet
oints.

.2. Age-acquired spinal instability

Although more commonly found in women (female:male sex
atio, 2–3:1), incidence of DS increases with age in both sexes [27].
he fact that women seem to be more affected by the pathology
s thought by Bell et al. to be due to greater ligament laxity and
o hormonal effects [28]. There increasing evidence that baseline
umbar and pelvic parameters may influence the development of
S. Aono and colleagues recently followed up 142 women without
aseline deformity over a mean of 14 years and found an incidence
f newly developed DS of 12.7% [29]. The authors reported that
igh pelvic incidence, L4 vertebral inclination, adjusted vertebral
ize and facet orientation in the sagittal plane were all independent
redictors of the development of DS [29].

The natural history of degenerative spondylolisthesis was

escribed by Matsunaga in 1990 [5], in 145 non-surgically man-
ged patients with a minimum 10 years’ follow-up. The authors
eported slip progression in 49 patients (34%). Intervertebral disc
eight in the diseased segment decreased significantly throughout
rgie 65 (2019) 75–82 79

follow-up, with a concomitant decrease in low-back pain. They
also concluded that this narrowing of the intervertebral disc, along
with spur formation, subcartilaginous sclerosis and/or ligament
ossification can prevent disease progression, in a process they
called spinal restabilization.

5.3. Current theories

In the pathophysiology of DS there are 3 components leading to
canal narrowing and foraminal root compression:

• non-specific degenerative lesions (joint hypertrophy, thickening
of the ligamentum flavum, disc depression);

• specific degenerative lesions (orientation and morphology of
facet joints);

• disc slippage [30].

The major element is facet joint sagittalization, which can be
quantified in terms of the transverse/facet angle (normal values,
> 40◦) [31,32]. In 1989, Sato described different morphologies of
the facet joints [33]. It is not known whether this involvement of
posterior masses is due to primary lesions or to disc hypermobil-
ity. As well as these biomechanical concepts specific to DS, greater
understanding of biomechanics and sagittal balance in general has
improved the understanding of this entity.

5.4. Other theories

There are many other theories. (1) Muscular theory: in 2001,
Ramsbacher et al. performed systematic muscle biopsies in patients
after depicting fatty muscle involution, and found alteration of
the mitochondrial respiratory chain [2]. This theory has not been
further studied by other authors. (2) Disc theory: some authors
hypothesized that disc hypermobility causes secondary changes in
the entire spine [3]. (3) Hormonal theory: in 1996, Sanderson et al.
[4] attempted to explain the female predominance of this disease.

Further studies are needed to know whether these theories con-
tribute to the pathophysiology of DS.

6. Surgical treatment of degenerative spondylolisthesis

Early treatment of DS echoed that of dysplastic spondylolis-
thesis, by decompression, reduction, fixation and fusion. Surgical
treatment developed mainly in the second half of the 20th cen-
tury, with the development of spinal instrumentation and the
recognition of DS as an entity. The two aspects of this pathology
were treated progressively: direct/indirect root decompression,
and spinal stabilization.

6.1. Isolated neurologic decompression without fusion

This technique acquired a poor reputation due to reports
of increased slippage after decompression laminectomy without
fusion used to treat DS. In 1991, Herkowitz and Kurz reported
that fusion provided better outcome than isolated decompres-
sion [34]. However, the introduction of microsurgical techniques
challenged this paradigm. Isolated microsurgical unilateral decom-
pression produced good clinical and radiographic outcomes with
no significant increase in slippage [35]. In other studies, however,
microsurgical unilateral decompression was associated with a sub-

sequent increase in slippage [36,37]. Jang et al. reported that the risk
of increased slippage was greatest in patients whose preoperative
dynamic radiographs showed sagittal motion at the spondylolis-
thesis level [36].
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ig. 5. Historical posterior approaches for degenerative spondylolisthesis. A. Poste
pproach for posterolateral fusion without internal fixation. Source:gallica.bnf.fr/Bi

.2. The beginnings of posterior fusion

Outside DS, the first posterior arthrodeses were described by
lbee (Fig. 4A) (interspinous arthrodesis) and Hibbs (Fig. 4B)

posterolateral arthrodesis with decortication) in 1911 [38,39]. In
962, Wiltse (Figs. 4I and 5B) described a technique of posterolat-
ral arthrodesis by two paravertebral approaches and iliac bone
rafts [40]. The posterior surfaces of the transverse and articular
rocesses were decorticated. Bone grafts produced by laminec-
omy or taken on the iliac crest were then placed in contact with
he sharpened bone. The priority was not to reduce but to secure
he vertebrae in position [40]. All these techniques of posterior
rthrodesis are associated to direct radicular decompression. The
ain limitation of the technique is non-union in mobile spinal

egments, in an often osteoporotic, female, menopausal popula-
ion. Posterior lumbar interbody fusion (PLIF) was described by
ampbell (Figs. 4C and 5A) in 1925, and implemented in DS by
loward (Fig. 4G) in 1953[41]. This technique combines direct and

ndirect radicular decompression with interbody fusion by autolo-
ous bone graft. Cloward initially developed the technique using
liac bone grafts after discectomy. He then continued his work
y studying the impact of bone graft cuttings on postoperative
agittal balance. He considered his results in 321 patients to be
ather favorable with a limited rate of complications and satisfac-
ory results [42]. However this technique was reported by his peers
s difficult, due to the risk of nonunion and frequent complications
10].

Internal fixation was therefore associated to arthrodesis to avoid
on-union. Advances in spinal instrumentation made it possible to
ombine fixation and fusion. Transpedicular screwing, described
y King (Fig. 4E) in 1944, greatly contributed to the development
f this technique, as did the development of spinal instrumenta-
ion by Roy Camille (cage, titanium) [43,44]. Harms (Fig. 4J) and
olinger developed transforaminal lumbar interbody fusion (TLIF)
echniques [45]. Steffee (Fig. 4K) and Sitowski in 1988 associated
LIF to posterior fixation [46]. The goal was to achieve direct and
ndirect radicular decompression and avoid non-union of the bone
raft.

.3. The beginnings of anterior fusion

Capener (Fig. 4D) in 1932, and Jenkins in 1936 developed ante-
ior lumbar interbody fusion (ALIF) for dysplastic spondyloptosis
47,48]. The patient underwent attempted preoperative reduction
sing leg skin traction, immediate postoperative immobilization,
nd then brace [47]. Surgery consisted in corpectomy with tibial
one graft. These deformity surgeries appear to be less applica-

le to elderly patients, whose tolerance of immobilization does
ot have the same functional limitations. Anterior fusion in DS is
herefore mainly linked to the growth of minimally invasive spine
urgery.
mbar interbody (PLIF) and interspinous fusion without internal fixation. B. Wiltse
èque Nationale de France.

6.4. The new era of minimally invasive surgery (MIS)

Spinal MIS is increasingly used, to minimize skin incision, mus-
cular injury and perioperative pain, achieving early recovery and
improved quality of life [49]. The history of MIS on an ante-
rior approach began in 1991 when Obenchain [50] reported the
first use of a laparoscopic transperitoneal approach to the lumbar
spine for discectomy. Several studies described the technique and
reported preliminary results for laparoscopic transperitoneal ALIF
[51–53]. The retroperitoneal approach to the lumbar spine was first
described by Iwahara [54] in 1963, and was increasingly used for
treatment of DS [55–57]. Gaur [58] and McDougall et al. [59] were
the first to describe an endoscopic retroperitoneal approach for uro-
logical procedures, later applied to treatment of the lumbar spine.
Retroperitoneal endoscopic spine surgery has the advantages of not
requiring carbon dioxide insufflation or penetration of the peri-
toneal cavity. It also avoids dissection near the large vessels and
hypogastric plexus.

Most clinical DS studies of MIS evaluated posterior approaches.
For example, in 2001 Foley et al. [60] introduced a percutaneous
pedicle screw insertion and rod assembly system (CD Horizon Sex-
tant, Medtronic, Memphis, TN, USA) for MIS-TLIF (Fig. 4L). After the
Sextant system came onto the market, several authors reported
their experience of using it for MIS-TLIF [36,61–66] or MIS-PLIF
[60,67].

6.5. The new era of stereotactic spinal guidance

MIS techniques are associated with greater radiation exposure
than open techniques [68]. Methods of reducing both radiation dose
and duration for both surgeon and patient are critical to minimizing
the dangers of overexposure [68]. Intraoperative CT for navigation
is a potential solution. Villard et al. demonstrated that radiation
exposure using freehand techniques was almost 10 times higher
than with navigation-guided techniques in a cohort of patients who
underwent posterior lumbar instrumentation [69]. In a cadaver
study, Tabaree et al. contrastingly demonstrated that, while use of
the O-arm resulted in breach rates similar to the C-arm, radiation
exposure, while lower for the surgeon, was higher for the patient
[70,71].

Moreover, in both MIS and open surgery, serious complications
resulting from screw misplacement or pedicle cortex perfora-
tion can lead to devastating neurological or vascular damage. To
increase the safety of the procedure, various methods have been
progressively developed to better target the pedicle in terms of
screw trajectory and depth. Most surgeons use assessments of
anatomic landmarks, supplemented by fluoroscopy, to identify the
anatomic features of the pedicles before placement of the pedi-

cle screws. Image-guided systems are widely used in intracranial
surgery and have been adapted to assist with screw placement
since the mid-1990s [49,60,72,73], improving accuracy. The sys-
tems rely on precise CT location of the pedicles. CT-guided spinal
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maging systems are constantly improving. Better accuracy and
ase of use should facilitate the location of pedicles and facets
nd expedite fixation for cervical, thoracic and lumbar stabilization.
ith improvements in MIS and image-based guidance, the use of
combination of MIS and image-guided systems for stabilization
rocedures has been progressively developed.

. Conclusion and future directions

Surgical treatment of DS progressed during the 20th century, in
arallel to society. The inversion of the age pyramid has forced us
o adapt concepts. Anatomical and biomechanical understanding
nd progress in spinal instrumentation shed light of the evolution
f DS management. DS has come to be considered as a failure of
he spinal mobile segment, requiring specific surgical treatment,
aking account of age, comorbidities, and the patient’s way of life.
urgical techniques applied to the treatment of DS are thus now
ntegrated in an effective therapeutic strategy.
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outcome after a microsurgical unilateral approach for bilateral decompression
of lumbar degenerative spondylolisthesis. J Neurosurg Spine 2012;16:68–76,
http://dx.doi.org/10.3171/2011.7.SPINE11222.

36] Jang J-S, Lee S-H. Minimally invasive transforaminal lumbar interbody fusion
with ipsilateral pedicle screw and contralateral facet screw fixation. J Neuro-
surg Spine 2005;3:218–23, http://dx.doi.org/10.3171/spi.2005.3.3.0218.

37] Sasai K, Umeda M, Maruyama T, Wakabayashi E, Iida H. Microsurgical bilat-
eral decompression via a unilateral approach for lumbar spinal canal stenosis
including degenerative spondylolisthesis. J Neurosurg Spine 2008;9:554–9.

38] Albee FH. Transplantation of a portion of the tibia into the spine for Pott’s
disease: a preliminary report. J Am Med Assoc 1911;57:885–6.

39] Hibbs RA. A further consideration of an operation for Pott’s disease of the spine:
with report of cases from the service of the New York Orthopaedic Hospital.
Ann Surg 1912;55:682.

40] Wiltse LL. The etiology of spondylolisthesis. JBJS 1962;44:539–60.
41] Cloward RB. The treatment of ruptured lumbar intervertebral discs; criteria for

spinal fusion. Am J Surg 1953;86:145–51.
42] Cloward RB. Lesions of the intervertebral disks and their treatment by interbody

fusion methods. The painful disk. Clin Orthop 1963;27:51–77.
43] King D. Internal fixation for lumbosacral fusion. Am J Surg 1944;66:357–61.
44] Roy-Camille R. Osteosynthesis of dorsal, lumbar, and lumbosacral spine with

metallic plates screwed into vertebral pedicles and articular apophyses. Presse
Med 1970;78:1447–8.

45] Harms J, Rolinger H. A one-stager procedure in operative treatment of
spondylolistheses: dorsal traction-reposition and anterior fusion (author’s
transl). Z Orthop Ihre Grenzgeb 1982;120:343–7, http://dx.doi.org/10.1055/
s-2008-1051624.

46] Steffee AD, Sitkowski DJ. Posterior lumbar interbody fusion and plates. Clin
Orthop 1988;227:99–102.

47] Capener N, Spondylolisthesis. Br J Surg 1932;19:374–86.
48] Jenkins JA. Spondylolisthesis. Br J Surg 1936;24:80–5.
49] Jaikumar S, Kim DH, Kam AC. History of minimally invasive spine surgery.

Neurosurgery 2002;51:S1–14.
50] Obenchain TG. Laparoscopic lumbar discectomy: case report. J Laparoendosc

Surg 1991;1:145–9.
51] Mathews HH, Evans MT, Molligan HJ, Long BH. Laparoscopic discec-

tomy with anterior lumbar interbody fusion. A preliminary review. Spine
1995;20:1797–802.

52] Regan JJ, McAfee PC, Guyer RD, Aronoff RJ. Laparoscopic fusion of the lumbar

spine in a multicenter series of the first 34 consecutive patients. Surg Laparosc
Endosc 1996;6:459–68.

53] Zucherman JF, Zdeblick TA, Bailey SA, Mahvi D, Hsu KY, Kohrs D. Instrumented
laparoscopic spinal fusion. Preliminary results. Spine 1995;20:2029–34 [dis-
cussion 2034-2035].

dx.doi.org/10.1007/s00586-017-5275-4
dx.doi.org/10.1016/j.otsr.2014.07.006
dx.doi.org/10.1007/s00586-017-5436-5
dx.doi.org/10.1097/BRS.0b013e3180bc219e
dx.doi.org/10.1097/BRS.0b013e3180bc219e
dx.doi.org/10.1227/01.neu.0000303194.02921.30
dx.doi.org/10.1007/s00586-012-2236-9
dx.doi.org/10.3171/2016.9.SPINE1680
dx.doi.org/10.1097/BRS.0b013e3181ee6bd4
dx.doi.org/10.1016/j.spinee.2014.03.045
dx.doi.org/10.1016/j.spinee.2014.03.045
dx.doi.org/10.1097/BSD.0000000000000298
dx.doi.org/10.3171/2011.7.SPINE11222
dx.doi.org/10.3171/spi.2005.3.3.0218
dx.doi.org/10.1055/s-2008-1051624
dx.doi.org/10.1055/s-2008-1051624


8 ochiru

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[72] Glossop ND, Hu RW, Randle JA. Computer-aided pedicle screw placement using
frameless stereotaxis. Spine 1996;21:2026–34.

[73] Nolte LP, Zamorano LJ, Jiang Z, Wang Q, Langlotz F, Berlemann U. Image-
2 F. Bernard et al. / Neur

54] Iwahara T, Ikeda K, Hirabayashi K. Results of anterior spine fusion by extraperi-
toneal approach for spondylolysis and spondylolisthesis. Nihon Seikeigeka
Gakkai Zasshi 1963;36:1049–67.

55] Kim SS, Denis F, Lonstein JE, Winter RB. Factors affecting fusion rate in adult
spondylolisthesis. Spine 1990;15:979–84.

56] Sacks S. Anterior interbody fusion of the lumbar spine. Indications and results
in 200 cases. Clin Orthop 1966;44:163–70.

57] Stauffer RN, Coventry MB. Anterior interbody lumbar spine fusion. Analysis of
Mayo Clinic series. J Bone Joint Surg Am 1972;54:756–68.

58] Gaur DD. Laparoscopic operative retroperitoneoscopy: use of a new device. J
Urol 1992;148:1137–9.

59] McDougall EM, Clayman RV, Fadden PT. Retroperitoneoscopy: the Washington
University Medical School experience. Urology 1994;43:446–52.

60] Foley KT, Gupta SK, Justis JR, Sherman MC. Percutaneous pedicle screw fixation
of the lumbar spine. Neurosurg Focus 2001;10:E10.

61] Deutsch H, Musacchio MJ. Minimally invasive transforaminal lumbar interbody
fusion with unilateral pedicle screw fixation. Neurosurg Focus 2006;20:E10.

62] Kim D-Y, Lee S-H, Chung SK, Lee H-Y. Comparison of multifidus muscle atrophy
and trunk extension muscle strength: percutaneous versus open pedicle screw
fixation. Spine 2005;30:123–9.

63] Park P, Foley KT. Minimally invasive transforaminal lumbar interbody
fusion with reduction of spondylolisthesis: technique and outcomes
after a minimum of 2 years’ follow-up. Neurosurg Focus 2008;25:E16,
http://dx.doi.org/10.3171/FOC/2008/25/8/E16.

64] Isaacs RE, Podichetty VK, Santiago P, Sandhu FA, Spears J, Kelly K,
et al. Minimally invasive microendoscopy-assisted transforaminal lumbar
interbody fusion with instrumentation. J Neurosurg Spine 2005;3:98–105,

http://dx.doi.org/10.3171/spi.2005.3.2.0098.

65] Park Y, Ha JW. Comparison of one-level posterior lumbar interbody
fusion performed with a minimally invasive approach or a traditional
open approach. Spine 2007;32:537–43, http://dx.doi.org/10.1097/01.brs.
0000256473.49791.f4.
rgie 65 (2019) 75–82

66] Schizas C, Tzinieris N, Tsiridis E, Kosmopoulos V. Minimally invasive versus
open transforaminal lumbar interbody fusion: evaluating initial experience.
Int Orthop 2009;33:1683–8, http://dx.doi.org/10.1007/s00264-008-0687-8.

67] Kotani Y, Abumi K, Ito M, Sudo H, Abe Y, Minami A. Mid-term clinical
results of minimally invasive decompression and posterolateral fusion with
percutaneous pedicle screws versus conventional approach for degenera-
tive spondylolisthesis with spinal stenosis. Eur Spine J 2012;21:1171–7,
http://dx.doi.org/10.1007/s00586-011-2114-x.

68] Yu E, Khan SN. Does less invasive spine surgery result in increased
radiation exposure? A systematic review. Clin Orthop 2014;472:1738–48,
http://dx.doi.org/10.1007/s11999-014-3503-3.

69] Villard J, Ryang Y-M, Demetriades AK, Reinke A, Behr M, Preuss A, et al.
Radiation exposure to the surgeon and the patient during posterior lumbar
spinal instrumentation: a prospective randomized comparison of navi-
gated versus non-navigated freehand techniques. Spine 2014;39:1004–9,
http://dx.doi.org/10.1097/BRS.0000000000000351.

70] Safaee MM, Oh T, Pekmezci M, Clark AJ. Radiation exposure with hybrid image-
guidance-based minimally invasive transforaminal lumbar interbody fusion. J
Clin Neurosci 2018;48:122–7, http://dx.doi.org/10.1016/j.jocn.2017.09.026.

71] Tabaraee E, Gibson AG, Karahalios DG, Potts EA, Mobasser J-P, Burch S.
Intraoperative cone beam-computed tomography with navigation (O-ARM)
versus conventional fluoroscopy (C-ARM): a cadaveric study comparing accu-
racy, efficiency, and safety for spinal instrumentation. Spine 2013;38:1953–8,
http://dx.doi.org/10.1097/BRS.0b013e3182a51d1e.
guided insertion of transpedicular screws. A laboratory set-up. Spine
1995;20:497–500.

dx.doi.org/10.3171/FOC/2008/25/8/E16
dx.doi.org/10.3171/spi.2005.3.2.0098
dx.doi.org/10.1097/01.brs.0000256473.49791.f4
dx.doi.org/10.1097/01.brs.0000256473.49791.f4
dx.doi.org/10.1007/s00264-008-0687-8
dx.doi.org/10.1007/s00586-011-2114-x
dx.doi.org/10.1007/s11999-014-3503-3
dx.doi.org/10.1097/BRS.0000000000000351
dx.doi.org/10.1016/j.jocn.2017.09.026
dx.doi.org/10.1097/BRS.0b013e3182a51d1e

	History of degenerative spondylolisthesis: From anatomical description to surgical management
	1 Abbreviations
	2 Introduction
	3 Methods
	3.1 Bibliographic databases
	3.2 Keywords
	3.3 Exclusion criteria
	3.4 Final sample

	4 Anatomy of degenerative spondylolisthesis
	4.1 First anatomical descriptions
	4.2 Toward a new entity
	4.3 Sagittal balance

	5 Pathophysiology of degenerative spondylolisthesis
	5.1 The "three joint complex"
	5.2 Age-acquired spinal instability
	5.3 Current theories
	5.4 Other theories

	6 Surgical treatment of degenerative spondylolisthesis
	6.1 Isolated neurologic decompression without fusion
	6.2 The beginnings of posterior fusion
	6.3 The beginnings of anterior fusion
	6.4 The new era of minimally invasive surgery (MIS)
	6.5 The new era of stereotactic spinal guidance

	7 Conclusion and future directions
	Disclosure of interest
	References


