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Abstract: Over the past two decades, minimally invasive surgical approaches have become increasingly

feasible, efficient and popular for the management of a wide range of spinal disorders, with a growing body

of research demonstrating numerous advantages of these techniques over the traditional open approach. In

this article, we review the technologies and innovations that are expanding the horizon of minimally invasive

spine surgery (MISS), and highlight high-quality peer-reviewed literature in the past year that expands our

knowledge and understanding of indications, advantages and limitations of MISS.
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Technologies
Navigation

Newer navigation protocols that rely on intraoperative
CT registration have improved the accuracy of imaging
models and allowed surgeons to rely less on fluoroscopy.
Despite concerns regarding ionizing radiation exposure
to the patient, use of CT navigation systems was found to
reduce radiation exposure by more than 90% compared
to traditional fluoroscopic guided percutaneous surgical
techniques (1). Furthermore, the surgeon’s exposure to
radiation is almost eliminated, as the surgeon does not need
to be close to the patient during the CT image registration.

The accuracy of navigation has also undergone a
huge amount of progress. In addition to higher quality
registration, the use of stereotactic 3D cameras allows the
system to predict relative position between instruments and
anatomical landmarks in real time with higher reliability (2).
Amiot et . and Yu et al. (3,4). both demonstrated that
freehand pedicle screw (PS) placement had a higher
rate of error and reoperation compared to navigation
assisted placement. The same results were reflected in a
meta-analysis of 12 studies conducted by Shin ez a/. (5)
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However, many other meta-analyses in the literature have
failed to demonstrate superiority of computer assisted
navigation to free hand PS instrumentation perhaps due
to the heterogeneity of studies included. The accuracy
of navigation has also undergone a lot of progress. In
additional to higher quality registration, the use of
stereotactic 3D cameras allows the system to predict relative
position between instruments and anatomical landmarks in
real time with higher reliability (2). Amiot e 4/. and Yu ez al.
(3,4) both demonstrated that freehand PS placement had a
higher rate of error and reoperation compared to navigation
assisted placement. Shin et 4/. completed a meta-analysis
of 12 studies which also reflected the same results (5).
However, many other meta-analyses in the literature have
failed to demonstrate superiority of computer assisted
navigation to free hand PS instrumentation perhaps due to
the heterogeneity of studies included.

Navigation systems rely on the use of reference trackers
to keep the registration image in sync throughout the
operation regardless of the positioning of the patient.
Multiple modalities of anatomic tracking are in use. Pin
trackers that are inserted into bony landmarks allow for
accurate mapping with relatively few trackers, however
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care needs to be taken to ensure that they are kept in
place throughout the entire procedure. This can be a
challenge since the pins stick out into the surgical field
and can be bulky (6). On the other hand (6), on-skin strip
trackers have a flat profile and surround the outside of the
surgical field instead, offering surgeons less obstruction
while maintaining accurate mapping. Overall, navigation
technology is trending towards less obstructive tools that fit
into the flow of the operative room and are easy to adapt to
for the surgeons.

The cost of navigation systems remains one of its
prohibitive factors. However, the increased accuracy, the
reduced cost of reoperations and management, and the
reduced radiation exposure are all factors that can balance out
the increased upfront cost (2). The cost of navigation systems
remains one of its prohibitive factors. However, the increased
accuracy, reduced number and cost of reoperations and
management, and reduced radiation exposure are all factors
that can balance out the increased upfront cost (2).

Robotics

Robotic surgery has the promise of precision, reliability,
and efficiency that allows procedures to be performed
quickly and without tissue damage. These qualities give
robotic surgery the potential to play an important role in
spine surgery. Robots also overcome the issue of mental
and physical fatigue that surgeons face especially during
long spine cases (2). Robotic surgery has the promise of
precision, reliability, efficiency and agility that allows
procedures to be performed quickly and without tissue
damage. These qualities give robotic surgery the potential
to play an important role in spine surgery. Robots also
overcome the issue of mental and physical fatigue that
surgeons face especially during long spine cases (2).
Robotic surgical devices can work seamlessly with
navigation systems and integrate well into minimally
invasive spine surgery (MISS). Robotic devices that
incorporate computer assisted navigation for the purpose
of accurate PS insertion are already in use. These devices
are smaller and are usually mounted on anatomic landmarks
using K-wires. This helps overcome interference issues with
navigation that are faced in non-robotic cases. The accuracy
of robotic PS instrumentation is superior fluoroscopy
guided counterparts, as reported in multiple studies
(7,8). Robotic surgical devices can work seamlessly with
navigation systems and integrate well into MISS. Already in
use are robotic devices that incorporate computer assisted
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navigation for the purpose of accurate PS insertion. These
devices are smaller, and usually are mounted on anatomic
landmarks using K-wires; this helps overcome interference
issues with navigation that are faced in non-robotic cases. The
accuracy of robotic PS instrumentation is superior fluoroscopy
guided counterparts, as reported in multiple studies (7,8).

However, there doesn’t seem to be a lot of literature
on robotic device use in spinal surgery outside of screw
insertion. The da Vinci surgical system has been used for
minimally invasive surgery (MIS) anterior lumbar interbody
fusion (ALIF) procedures and is purported to have greater
efficacy and safety. Nevertheless, more research is needed
for its benefit to be well understood (9).

Unfortunately, the issue of cost still prevails in the realm
of robotic spine surgery, as currently the added benefit of
robotics is limited, and although accuracy is higher than
free hand PS insertion, it is at best equivalent to computer
assisted navigation (2).

Arthroscopic/endoscopic spine surgery

Endoscopic spine surgery was first attempted by Kambin
et al. in 1988 (10). However, it is only recently that the
technique has been popularized due to the concurrent
advancement in tools and imaging modalities. The use
of endoscopic techniques in spine surgery has the same
advantages as other forms of MISS. Respecting the
surrounding tissue, avoiding blood loss, and achieving
desired functional outcomes earlier are factors also seen
with endoscopic surgery (11). Endoscopic spine surgery
was first attempted by Kambin ez /. in 1988 (10). However,
it is only recently that the technique has been popularized
due to the concurrent advancement in tools and imaging
modalities. The use of endoscopic techniques in spine
surgery has the same desirable factors as other aspects of
MISS of respecting the surrounding tissue, avoiding blood
loss, and earlier functional outcomes (11).

Endoscopic spinal surgeries are expanding beyond the
lumbar region, and now are performed on the cervical as
well as thoracic spine. Commonly, endoscopic procedures
are carried out for discectomies and decompression.

For lumbar procedures the two surgical approaches
that have been well described in the literature and are
widely used are transforaminal and intralaminar. These
are especially frequently performed in younger patients, as
they permit quick return to daily activities. In particular,
endoscopic surgery has shown great success in treatment
of challenging far lateral lumbar disc herniation using a
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transforaminal percutaneous approach (12).

Success rates for endoscopic microdiscectomies have
been shown to be equivalent to open microdiscectomies,
according to a study that included 10,228 patients (13).
Like other minimally invasive techniques, endoscopic spine
surgery is also faced with the challenge of surgical technique
mastery. However, complications arising from early
operations seem to diminish with consecutive cases, they
nevertheless are significant enough to consider (14). Success
rates for endoscopic microdiscectomies have been shown
to be equivalent to open microdiscectomies, according
to a study that included 10,228 patients (13). Like other
minimally invasive techniques, endoscopic spine surgery is
also faced with the challenge of surgical technique mastery.
The complications arising from early operations seem to
diminish with consecutive cases, however are significant
enough to consider (14).

Learning curve and simulation models

Physicians starting MISS face operative challenges in
their first cases. Studies have placed that number to be
between 32-44 cases (15-17). Although complication rates
between MIS and open surgeries are equivalent, surgeons
starting to practice using minimally invasive techniques
initially face a higher rate of complications that eventually
normalizes. This learning curve is attributed to the absence
of tactile sensation, the restricted surgical field and the
unfamiliarity of the surgeon. Physicians starting MISS
face operative challenges in their first 32-44 cases (15-17).
Although complication rates between MIS and open
surgeries are equivalent, surgeons practicing on minimally
invasive techniques face a higher rate of complications that
eventually normalizes. This learning curve is attributed to
the absence of tactile sensation, the restricted surgical field
and the unfamiliarity of the surgeon.

However, overcoming the learning curve is hypothesized
to be facilitated with the improvement in intuitive real-
time navigation technology, as this allows surgeons to better
discern the operative anatomy. In fact, incorporation of
3D guided navigation has shown a reduction in the error
rate in early procedures according to a prospective study
conducted by Sedlack ez 4/. (18). However, overcoming the
learning curve is hypothesized to be facilitated with the
improvement in intuitive real-time navigation technology,
as this allows surgeons to better discern the operative
anatomy. Incorporation of 3D guided navigation surgery
showed reduce the error rate in early procedures according
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to a prospective study conducted by Sedlack ez 4. (18).

That being said, current advice remains the same: having a
complete understanding of the anatomy before starting MIS
and beginning with simple cases. In fact, surgeons experience
did not correlate with patient outcome for decompression
cases according to one study (19). MIS fusions on the other
hand have a steeper learning curve. Studies looking at
complication rates for fusion procedures have reported a
significantly higher number of dural tears, cage migration,
and adverse events in early cases (20). The being said current
advice remains the same, beginning with simple cases and
having a complete understanding of the anatomy. In fact,
surgeons experience did not correlate with patient outcome
for decompression cases according to one study (19). MIS
fusions on the other hand have a steeper learning curve.
Studies looking at complication rates for fusion procedures
have reported a significantly higher number of dural tears,
cage migration, and adverse events (20).

However, there is a lot of focus now on implementing
high fidelity training models for spine surgeries, and in
particular for MISSs. These simulation modules help facilitate
the initial learning period for the novitiate surgeon (21). The
use of simulation models has been shown to reduce the
error rate in early procedures in a prospective study (18).
However, a lot of focus is now on implementing high
fidelity training models for spine, and in particular, MISSs.
These simulation modules help facilitate the initial learning
period for the novitiate surgeon (21). The use of simulation
models has been shown to reduce the error rate in early
procedures in a prospective study (18).

Cervical spine
Posterior cervical approach

A number of case series and comparative reports have studied
the outcomes, techniques and feasibility of MIS posterior
approaches to the cervical spine for the management of a
wide range of degenerative pathology including cervical
spondylotic myelopathy (CSM), disc herniation and
stenosis. These studies have reported good clinical results,
improvement of symptoms and a favorable complication
profile for minimally invasive (MIS) tubular retractor-assisted
approach for posterior cervical laminectomy in patients
with CSM (22), percutaneous endoscopic posterior cervical
foraminotomy (23,24) and posterior percutaneous endoscopic
cervical discectomy (P-PECD) (25,26). These studies have
reported low rates of revision, conversion to open surgery
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and need for subsequent anterior cervical discectomy and
fusion (ACDF) (25), and have found functional outcomes
and revision rates to be comparable to those seen with
ACDF (27), which is considered the gold-standard in these
patient populations.

Despite numerous reports of good clinical outcomes
with MIS procedures, a commonly cited deterrent to the
adoption of these techniques is the steep learning curve
of these procedures. Thus, a valuable addition to the
literature in this regard is a prospective study that reports
the feasibility and outcomes of a modified technique
for P-PECD that can potentially shorten the learning
curve (28). This surgical technique involves use of a K-wire
anchored to the target point instead of a needle to insert
the working sheath, thus facilitating easier identification of
the target point under endoscopic view with less need for
repeated fluoroscopic confirmation. When compared to
conventional PECD, this technique showed significantly
shorter operative time and decreased fluoroscopy time,
with no difference in clinical outcomes. In addition to
improvements in surgical techniques, few studies have also
reported on the feasibility and outcomes of using different
anesthetic techniques for these procedures. One such study
that describes the technique for P-PECD performed via
full endoscopic approach under local anesthesia for soft disc
herniation causing radicular symptoms reported clinical
success in over 95% of patients, no intra- or post-operative
complications and no deterioration of existing symptoms.

Future studies focusing on techniques to shorten the
learning curve, improvement in anesthetic and surgical
techniques, and long-term outcomes will facilitate wider
adoption of these procedures.

Anterior cervical approach

MIS anterior approach to the cervical spine most commonly
reported in the recent literature is an anterior PECD
(A-PECD). A retrospective case series of over 200 patients
who underwent A-PECD for cervical myelopathy or
unilateral radiculopathy (29) describes significant clinical
improvement and a low rate of operative complications,
but reported a loss of disc height in all patients. While the
authors report that the loss of disc height was asymptomatic,
long-term implications of iatrogenic disc damage and loss
of disc height are unknown. To mitigate this concern, a few
reports have described a transcorporeal A-PECD approach
for cervical disc herniations that have migrated upward or
downward dorsal to the vertebral body and cannot be easily
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managed by a posterior approach or an ACDFE. One such
study (30) reports good clinical outcomes and healing of the
osseous tunnel by 6 months, with the additional benefits
of being able to adjust the trajectory of the transcorporeal
tunnel depending target location and preventing damage
to the intervertebral disc. Further study on techniques
and outcomes of this procedure are needed to establish its
efficacy and results with greater confidence.

Thoracic spine
Minimally invasive thoracic discectomy

Although MIS approaches to the thoracic spine are often
challenging due to limited space and presence of vital
structures in close proximity, MIS (31) and endoscopic
techniques (32) have been described for thoracic disc
herniations. A retrospective case series, which studied the
feasibility and benefits of adding stereotactic navigation
to MIS thoracic discectomy concluded that the use of
navigation provides better visualization central and
paracentral disc herniation and can thus expand the
indications of this procedure (31). Another retrospective
study describing the technical feasibility and outcomes of
full-endoscopic decompression for thoracic disc herniation
and stenosis demonstrated that a full-endoscopic approach
can provide access to various target areas by using different
approaches (interlaminar, extraforaminal or transthoracic
retropleural) and results in sufficient decompression, with
a reduction in operative time compared to conventional
procedures and minimal blood loss. Incorporation of newer
technologies such as navigation and endoscopy that facilitate
better visualization may improve safety and outcomes, and
increase surgeon-comfort with these techniques.

Lumbo-sacral spine
Endoscopic decompression procedures

Endoscopic approaches have been described for the
management of disc herniation as well as bony stenosis, with
various surgical techniques being adopted depending on
the underlying pathology. Retrospective studies (13,33,34)
comparing percutaneous endoscopic lumbar discectomy
(PELD) to other endoscopic techniques (microendoscopic
discectomy and unilateral biportal endoscopic discectomy)
and to conventional microdiscectomy report that PELD is
less invasive and results in lower peri-operative morbidity,
less iatrogenic muscle injury, lower post-operative pain,
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shorter hospital stays and better long-term functional
outcomes compared to other endoscopic or conventional
microsurgical procedures. PELD can be performed via
a transforaminal (PELD-T) or interlaminar (PELD-I)
approach, with a recent meta-analysis (35) reporting
equivalent clinical and functional outcomes between the
two approaches. Although there was no difference in overall
complication rates, the interlaminar approach resulted in a
greater incidence of dural tears. Thus, PELD particularly
when performed via a transforaminal approach seems to
be a safe, feasible and effective MIS technique for the
management of disc herniations.

Endoscopic decompression surgery has also demonstrated
encouraging clinical outcomes for degenerative stenosis (36)
and has been shown to be feasible under local anaesthesia (37).
A multi-institutional study of 533 patients that focused on
intra- and peri-operative complications associated with
endoscopic spine surgery reported a favorable complications
profile, with only 0.54% and 0.36% of cases resulting in
durotomies and epidural hematomas respectively, and only 4
patients experiencing recurrent herniation within 3 months
of the index operation.

Lateral approaches for interbody fusion

Lateral lumbar interbody fusion (LLIF), which comprises
the oblique approach, i.e., oblique lumbar interbody fusion
(OLIF) and the lateral transpsoas approach, i.e., direct
lateral interbody fusion (DLIF), confers the ability to place
a large interbody cage via a minimally invasive approach
and hence has gained popularity in the management of
degenerative and deformity conditions of the spine. Studies
comparing LLIF to minimally invasive transforaminal
lumbar interbody fusion (MI-TLIF) (38,39) have reported
equivalent clinical and radiographic outcomes, with
additional benefits of greater restoration of disc height,
shorter operative times and quicker return to work seen
with the lateral approach. LLIF has also been shown to
be feasible and effective approach for the management
of adult spinal deformity (40) and adjacent segment
degeneration (41), and in elderly patients (42). Furthermore,
authors have reported on feasibility and peri-operative
outcomes of single-position DLIF and OLIF with bilateral
PS fixation (43), which could potentially improve operative
efficiency and cost-savings by reducing the time and staffing
associated with patient-repositioning for posterior fixation.
However, complications such as inadequate
decompression, graft subsidence and post-operative
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neurologic deficits have been reported, with a study that used
intra-operative CT myelograms to assess the adequacy of
indirect neural decompression with LLIF reporting that in
about 1/5" of levels operated, adequate decompression was
not achieved (44). This underscores the need for appropriate
patient selection for these procedures. A study evaluating
the utility of intra-operative neuromonitoring in DLIF
procedures (45) found that compared to electromyography
(EMG) alone, the use of motor evoked potential (MEP)
monitoring resulted in lower a rate of immediate post-
operative neurologic deficits, both sensory and motor,
and a lower rate of unresolved deficits in the long-term,
thus suggesting that it may be valuable to perform MEP
monitoring as routine practice during LLIF procedures.

Outcomes of MISS in obese patients

Historically, obesity has been associated with increased
morbidity following surgical procedures. However,
MIS procedures that results in less iatrogenic injury can
potentially decrease this morbidity, as demonstrated by
studies that have found MI-TLIF to be superior to open
TLIF in obese patients (46). Furthermore, previous studies
(47-49) have reported that obesity is not a risk factor for
revision surgery or post-operative complications following
MI-TLIF. However, a few studies have reported greater
peri-operative morbidity in obese patients, with a greater
incidence of post-operative hematoma (48), and longer
operative time and length of stay (49). The literature is
unclear regarding functional outcomes, with one systematic
review (49) demonstrating equivalent functional outcomes
between obese and non-obese patients undergoing
both, decompression and fusion surgeries, but another
retrospective study (50) reporting a lower magnitude and
rate of clinical improvement in obese patients. These
findings suggest that although a MIS approach results
in a more favorable outcomes and complications profile
compared to an open approach in obese patients, the
rate of complications is higher and magnitude of clinical
improvement is lower than that seen in non-obese patients
undergoing the same MIS procedure.

MISS techniques for revision surgery

In a retrospective series of 43 patients (51) who underwent
revision MIS tubular discectomy reported good clinical
outcomes and no complications, thus suggesting that this
approach provides the advantage of avoiding scar tissue
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dissection that may be encountered during traditional
open revision surgeries. Another retrospective study
which evaluated the outcomes of revision decompression
accompanied by a primary fusion also found that the
revision procedure does not compromise clinical outcomes,
with this procedure showing equivalent clinical outcomes to
a primary fusion (52).

PS fixation

PS fixation is commonly used for stabilization of the
spine and to provide supplemental posterior fixation. The
trend towards minimally invasive surgical procedures and
advancements in intra-operative imaging and navigation
have led to an increasing number of PS placements being
performed using MIS techniques. Numerous studies (53,54)
have reported benefits of real-time image guidance and 3D
navigation compared to conventional 2D fluoroscopy for
PS placements, which include greater accuracy of screw
placement and a significant reduction in radiation exposure
to patients and the surgeon and operating room (OR) staff,
without an increase in operative time or complication rates.
Navigation also provides the capability of intra-operatively
confirming appropriate screw positioning, thus allowing
for intra-operative revision of malpositioned screws and
consequently minimizing the need for revision surgeries.

Metabolic bone disease and spine tumors

A meta-analysis (55) comparing MIS and open approaches
for the management of metastatic spinal disease reported
equivalent functional outcomes and post-operative pain in
the two groups, with reduced morbidity and length of stay
with MIS procedures. Barzilai et 4. (56) present an MIS
treatment algorithm for the management of spinal metastasis
based on the underlying pathology. In their experience, this
minimal access algorithm led to significant improvement
in patient reported outcomes, particularly in terms of pain,
activity, ability to work and enjoyment of life, and could also
facilitate an early return to systemic and radiation therapy.

Deformity

Miladi et al. presented a series of 100 consecutive young
patients with neuromuscular scoliosis all treated with
minimally invasive fusionless surgery (57). They were
able to demonstrate significant correction of Cobb’s angle
and pelvic obliquity that was maintained at prolonged
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follow up (2-9 years). Additionally, this fusionless
approach encountered fewer complications compared to
arthrodesis surgery. Park er a/. (40) investigated the impact
of performing MIS-LLIF in addition to posterior spinal
fusion surgery performed 5-11 days later compared to just
posterior spinal fusion for adult spinal deformities and found
a significantly higher sagittal Cobb’ angle correction in the
combined group compared to the single surgery group. The
use of MIS for managing deformity is increasing, as are the
indications. We are seeing that populations traditionally
managed using an open approach are achieving equivalent
outcomes using MIS. Furthermore, MIS for deformity cases
tend to experience fewer complications.

Conclusions

In recent years there has been a shift towards minimally
invasive surgical techniques, which has been heralded
by significant advancements in imaging and navigation
technologies, refinement of operative techniques,
availability of biologics and customizable implants, and
most importantly, evidence of feasibility, efficacy, safety and
value compared to traditional approaches as demonstrated
by the current literature. The increasing adoption of
MISS techniques and widespread interest in outcomes of
these procedures is evidenced by the large and constantly
growing body of literature on this topic. Although MIS
techniques have historically been most commonly utilized
for degenerative spinal conditions, advancements of these
techniques and increased surgeon comfort with MISS
procedures have allowed for the expansion of indications
to populations such deformity surgeries and in obese
patients, in which the implementation of MISS techniques
has been thought to be particularly challenging. In light
of the current trend of increased interest in and adoption
of MISS approaches, we anticipate continued innovation
of new technologies, development and refinement of
surgical techniques based on patient outcomes, expansion
of indications of MISS, and increased accessibility of these
procedures to a broader patient population.
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