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Background: Patient specific (PS) technology has become popular in the field of spine surgery, as it gives surgeons 

control over the manufacturing of implants based on a patient’s anatomy. Patient specific surgical guides, preop- 

erative planning software, and patient specific implants – such as rods and cages, have demonstrated promising 

results in the literature for helping surgeons achieve spinal alignment goals. 

Methods: A review of the literature regarding PS technology in spine surgery for the correction of spinal deformity 

was performed and is compiled here. 

Results: A description of the PS tools currently used for deformity correction and treatment of degenerative spine 

pathology with example cases are included in this manuscript. 

Conclusions: The use of PS technology in spine surgery is an important development in the field that should 

continue to be studied. 
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The use of patient specific (PS) implants has gained popularity in

pine surgery. Advances in technology have allowed for the manufac-

uring of custom implants using patient imaging such as biplanar slot

canning radiography, computed tomography (CT) or magnetic reso-

ance imaging (MRI). The use of PS implants has been seen in all forms

f spine surgery, including degenerative [ 1 , 2 ], traumatic [ 3 ], neoplas-

ic [ 4 , 5 ], and infectious spinal conditions [ 6 , 7 ]. Additionally, the use of

ustom-made implants in spinal deformity surgery has been hypothe-

ized to improve the ability to achieve surgical goals, and is particularly

romising. The integration of this technology in designing interbody fu-

ion cages [ 1 , 3 ], spinal rods [ 8 ], and planning pedicle screw trajectory

 9 , 10 ] has revolutionized the approach to surgery in contemporary de-

ormity correction cases. 

hree-dimensional (3D) printing technology 

The invention of “stereolithography ”, more commonly referred to as

-dimensional (3D) printing, was introduced by Charles Hull in 1986

 11 ]. Hull’s system was described as generation of 3D objects by suc-

essive layering of cross-sectional shapes from mediums that could re-

pond to appropriate stimulation until a desired structure was obtained.
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his process has revolutionized medical device manufacturing, allow-

ng PS implants to be manufactured by 3D printing with various mate-

ials. These include plastic, metal, ceramics, powders, liquid or living

ells [ 12–14 ]. Also referred to as additive manufacturing (AM), rapid

rototyping (RP), or solid free-form technology (SFF), these technolo-

ies can be used to build almost any 3D object defined by a computer-

ided design (CAD). Specifically, 2-dimensional (2D) radiographic im-

ges such as plain radiographs, magnetic resonance imaging (MRI) and

omputerized tomography (CT) scans can be converted into 3D print

les that serve as the design to build customized structures with the

esired anatomic or biomechanical properties. 

In 2014, the 3D printing industry was a 700 million dollar industry

ith only 1.6% of the investments being applied to the medical field;

owever, in the next 10 years, 3D printing is expected to grow into an

.9 billion dollar industry with almost 2 billion dollars invested into

eld of medicine [ 13 ]. Tack et al. [ 15 ] performed a systematic litera-

ure review in 2016 on the application of 3D printing in the medical

etting and found 60% of the published results were for surgical guides

hile 38% were models for surgical planning. The use of 3D printing

or the use of custom-made implants, molds for prosthetics and models

or implant shaping were much less common in the published literature.

rthopedics had the largest proportion of publications of the multiple

urgical domains included in the review, with papers involving implants
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or the knee (30.7%), hip (8.7%), and spine (7.46%) representing 3 of

he top 5 most frequently published topics. 

Techniques in spine surgery have been developed with the aim of ad-

quately decompressing neural structures, obtaining appropriate spinal

lignment, and providing stability when necessary. The selection of

mplants to achieve these goals often pertains to patient factors such

s body habitus, degree of deformity, or the presence of challenging

natomy. Patient specific implants are the most recent and interesting

ddition to the repertoire of a spine surgeon to achieve these goals.

hese tools allow the surgeon to incorporate a patient’s anatomy into

he design of a device in anticipation of the surgical steps required to

btain the desired outcome. 

reoperative planning and patient specific surgical guides 

The use of patient specific technology in surgical planning has been

heorized to improve outcomes by shifting complicated, time-consuming

ecision making to a preoperative setting. This is highlighted in the use

f pedicle screw guides and planned trajectories through computer soft-

are linked to robotic-assisted procedures. Using CT scans or MRI im-

ges, 3D models can replicate a patient’s anatomy, and pedicle screw

uides can be created that fit the patient based on the model ( Fig. 1 ).

omputer software can be utilized to plan pedicle screw trajectory for

ach level to be included in the desired construct ( Fig. 2 ). This can be

specially useful in patients with small or dysmorphic anatomy, where

lacement of pedicle screws can be more challenging. Studies of patient-

pecific surgical guides (PSSG) have demonstrated over 90% accuracy

f inserted screws with a variety of different guiding tools including a

rill, k-wires, probes, and multistep systems. This is compared to 50%–
ig. 1. (A) A 3D model of the patient is created from a CT scan. (B) Pedicle screw g

he spine during surgery. (C) Multiple guides are made for positioning of pedicle scre

2

7% accuracy using free-hand technology in the literature [ 16 ]. Hu

t al.[ 17 ] described the use of rapid prototyping drill template (RPDT),

hich involves the creation of a posterior guide that fits on the lamina

n a “lock and key ” fashion based on the patient’s anatomy, to aid in

ccurate placement of thoracic pedicle screws. Their group accurately

laced 96.1% of the screws in the thoracic pedicles using this system

 N = 582 screws). A randomized clinical trial in 2019 [ 18 ] demonstrated

ore accurate placement of pedicle screws using patient specific 3D

rinted guides ( N = 297 screws) compared to pedicle screws placed us-

ng the traditional free-hand technique ( N = 243 screws). Additionally,

he use of robotic-assisted pedicle screw fixation with a patient specific

rajectory based on preoperative CT scan, compared to traditional open

ree-hand technique has demonstrated biomechanical superiority. This

as achieved by decreasing intra-discal pressure at the adjacent level

f a fusion construct [ 19 ], and the authors of this study attributed the

esults of this finite element (FE) analysis on their ability to achieve a

ore lateral entry point for the pedicle screws with a large convergent

ngle using a plan based on the individual patient’s anatomy. This study

ighlights the advantage of PS planning software in the surgical process

nd is a common thread throughout all the implants discussed in this

eview. 

atient specific rods 

Even with the advancement of surgical planning technologies, align-

ent goals can be difficult to obtain with surgery. A tool that can be

mployed to aid in achieving adequate correction in spinal deformity

urgery is the use of patient specific rods (PSRs). The manual bending

f a rod during surgery has been considered the gold standard in spine
uides are made to fit the model based on anatomy and can be positioned onto 

ws at each level based on the desired fusion construct. 
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Fig. 2. (A) Computer software is used to plan pedicle screw trajectory based on the patient’s anatomy. (B) For each spinal level, the length, trajectory, and size of 

each screw can be templated before the day of surgery. 
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urgery and is a process that occurs intra-operatively after corrective

oft tissue releases and osteotomies have been performed. This step can

nfluence the final alignment of the spine if the rod is not contoured to

dequately restore sagittal and coronal parameters intended. Because

t is operator dependent, manual bending of rods is not standardized

nd it may be difficult to confirm the accuracy of curvature in the rods

fter bending. Examples of these rods are presented in the “Case Exam-

les ” section of the manuscript. Studies have shown that surgeons have

 tendency to “overbend ” rods [ 20 , 21 ], and this is also affected by screw

osition and the use of polyaxial screws [ 22 ]. Further, metal shape mem-

ry, notching, and cold-working metallic rods are all variables that can

ead to failure to achieve correction and failure of the rods over time.

he use of a template to achieve proper manual bending of the rods can

elp mitigate this mismatch [ 23 ]; however, the use of precontoured rods

anufactured with the desired curvature based on the desired spinal

lignment completely removes this factor from consideration. 

The literature on alignment outcomes using PSRs has varied results.

adrameli et al. compared sagittal vertical axis (SVA) in patients who

ad spine surgery using in-situ bent rods ( N = 17) compared to a group

ho using PSRs ( N = 17) and found no difference between the planned

nd postoperative values in the 2 groups [ 24 ]. On the contrary, Kleck

t al. demonstrated improvement in SVA from 66.8 mm to 9.8 mm

 N = 34) from preoperatively to 2 years after surgery [ 25 ]. The final

VA obtained in the cohort was almost identical to the planned av-

rage goal of 9.9 mm, and there was also improvement in pelvic in-

idence (PI) and lumbar lordosis (LL) mismatch (PI-LL) after surgery.

n fact, several studies have demonstrated improvement in PI-LL with

he use of PSRs [ 8 , 25–28 ]. Though the outcome of spinal parame-

ers seems to improve with the use of PSRs, there is still variabil-

ty in the projected and obtained outcome, highlighting the impor-

ance of other factors in sagittal alignment outcomes such as preoper-

tive SVA, age, and the use of pedicle subtracting osteotomies (PSO)

 8 , 26 , 28 ]. 
3

Combining preoperative planning strategies and PSRs seem to im-

rove outcomes in spinal deformity surgery. Tachi et al. [ 29 ] describe a

lanning simulation system with finite element (FE) analysis to predict

he outcomes of deformity correction in adolescent idiopathic scolio-

is (AIS) patients using PSRs. They were able to demonstrate a signif-

cant correlation between the actual postoperative alignment and the

imulated measurements used to create the prebent rods. Other studies

sing these types of models, such as the UNiD (Unique Identity) predic-

ive model using patient specific rods, have allowed surgeons to create

lans that more accurately anticipate postoperative alignment and suc-

essfully achieve alignment goals [ 30 ]. This study shows an improve-

ent in the mean error for achieving the desired thoracic kyphosis (TK)

nd pelvic tilt (PT) with using both the model and PSRs. The results

f these studies indicate that being able to predict the alignment after

 deformity correction surgery and creating an implant that matches

hese outcomes is a powerful tool for surgeons. As is the case for most

f the literature using PS implants, the applicability of these results is

imited by the number of patients included in the studies, and further

valuation must be performed to validate the potential benefit of these

echnologies. 

atient specific cages 

Difficult anatomy can complicate the type of implants used in spine

urgery. For example, this is especially true in malignancies in the spine.

he presence of tumors can alter surrounding anatomy and often re-

uires radical resection of bony and soft tissue structures. Because of the

ariability of disease and required surgical intervention, patient specific

mplants can be useful in the treatment of these conditions. The advan-

age is in the manufacturing of cages designed to fit the anatomy af-

er surgical resection. Several studies describe patient specific implants

sed in the setting of Ewing sarcoma, metastatic carcinoma, and chon-

rosarcoma [ 4 , 31–33 ]. The use of patient specific implants can also aid
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Table 1 

Preoperative spino-pelvic parameters for patients A-C and the planned parameters after surgical correction 

A B C 

Pre-op Plan Pre-op Plan Pre-op Plan 

Pelvic Tilt (PT, °) 19.8 13.8 28.1 23.1 28.2 19.2 

Pelvic Incidence (PI, °) 40 40 58.5 58.5 51.7 51.7 

Sacral Slope (SS, °) 20.2 26.2 30.5 35.5 23.5 32.5 

Lumbar Lordosis (LL, °) − 33.2 − 46.6 − 37.3 − 56.8 − 7.4 − 51 

PI – LL (°) 6.8 − 6.6 21.2 1.7 44.3 0.7 

L1-L4 (°) 7.6 − 6.2 − 24.5 − 40.4 11.5 − 26 

L4-S1 (°) − 40.7 − 40.4 − 12.8 − 16.4 − 19 − 25 

T1 Pelvic Angle (TPA, °) 9.5 5.1 32.6 21 40.6 15.1 

Sagittal Vertical Axis (SVA, mm) − 43.9 − 38.2 110.9 38.1 182.5 17 

Thoracic Kyphosis (TK, °) 22.4 45.7 45.6 51.1 27.9 39.3 

i  

p  

v  

t  

b  

t  

c  

n  

i  

s  

o

 

t  

s  

m  

c  

a  

t  

a  

s  

t  

c  

c  

c  

o  

d  

i  

t  

o  

w  

o

C

 

f  

p  

(  

b  

L  

P  

h  

f  

s  

a  

L  

t  

p  

a  

t  

p  

o  

Fig. 3. Patients A-C were indicated for deformity correction surgery due to ei- 

ther sagittal plane imbalance, degenerative kyphosis, loss of lumbar lordosis, or 

a combination of these 3 conditions. 
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n challenging cases relating to infection in the spine. Several case re-

orts can be found in the literature describing the use of custom made

ertebral body resection cages in the setting of tuberculosis and infec-

ious spondylitis [ 7 , 34 ]. In these cases, destruction of the spine caused

y infection can be more easily managed by cages manufactured to fit

he patient’s anatomy compared to the off-the-shelf options. Because

ongenital anomalies and degenerative conditions can also lead to sig-

ificant changes in the anatomy of the spine, the use of patient specific

nterbody cages [ 35 ], custom made posterior plates [ 36 ], and recon-

tructive prostheses[ 5 ] are not limited to the treatment of rare tumors

r infection. 

The geometry of cages has been demonstrated to play a role in sagit-

al alignment restoration [ 37 ]. Thus, the ability to manufacture patient

pecific (PS) interbody cages to a shape based on the patient’s align-

ent needs is an exciting development in spine surgery. Biomechani-

al studies have shown an increase in contact area between PS cages

nd adjacent endplates compared to commercially available lumbar in-

erbody fusion (LIF) cages by up to 74% [ 38 ]. By increasing contact

rea between the implant the endplate, PS cages result in lower contact

tresses in the surrounding spine and thus provide a theoretical advan-

age against subsidence, especially in weaker bone. A cadaveric study

onfirmed this concept, demonstrating that PS cages required higher

ompression forces to produce failure and produced a stiffer construct

ompared to commercial cages [ 39 ]. Studies comparing PS cages and

ff-the-shelf cages should be replicated in the clinical setting to eluci-

ate these results in an in-vivo setting. A further purported advantage

s the infinite values of height and angular values of the cages, greater

han any off-the-shelf system, allowing patient specific reconstruction

f the sagittal and coronal parameters. At the time of this review, there

ere no high-powered studies of this nature regarding spinal alignment

utcomes. 

ase examples 

The following cases demonstrate patients who have undergone de-

ormity correction surgery using patient specific implants. Patients A-C

resented to care with debilitating symptoms relating to their deformity

 Fig. 3 ). Patient A presented with degenerative scoliosis and sagittal im-

alance and underwent anterior lumbar interbody (ALIF) fusions from

3-S1, and transforaminal lumbar interbody fusions (TLIF) from L1-L3.

atient B presented with sagittal imbalance, loss of lumbar lordosis, and

yper-kyphotic upper thoracic levels, and underwent posterior spinal

usion from T10-pelvis with TLIFs at L3-S1. Patient C presented with

agittal imbalance, degenerative kyphosis, and loss of lumbar lordosis,

nd underwent posterior spinal fusion from T10-pelvis with TLIFs at

3-S1 and an L3 pedicle subtracting osteotomy (PSO). In all cases, a pa-

ient specific plan was formulated, and a patient specific rod was tem-

lated based on the planned surgery. Table 1 includes the preoperative

nd planned spinopelvic parameters for each patient. It should be noted

hat for each of these cases, the rods manufactured to fit the surgical

lan vary significantly ( Fig. 4 ), but exactly match the desired morphol-

gy of the spine after the correction performed. Patient D represent an-
4

ther example of a case with severe coronal and sagittal deformity that

as treated with a long construct for posterior spinal fusion. Preoper-

tive radiographs, surgical plan for correction of deformity, as well as

pinopelvic parameters can be seen in Fig. 5 . Postoperatively, correc-

ion of thoracic kyphosis, coronal vertical axis (CVA) and sagittal ver-

ical axis (SVA) was achieved with the use of patient specific implants

 Fig. 6 ). 

The use of patient specific cages can also be used to correct defor-

ity in many cases. Patient E represents a case of degenerative scoliosis

f the lumbar spine with loss of disc height, spondylolisthesis of L4 on

5 and foraminal narrowing at L5-S1 ( Fig. 7 ). A 3D reconstruction of

he patient’s anatomy was created using a CT scan of the lumbar spine
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Fig. 4. A patient-specific plan was created for correction of deformity in the sagittal and coronal planes for each patient. A custom rod was templated to fit the 

specific surgical plan. Notably, the rods vary widely between patients based on the morphology of each patient’s spine and differences in the surgical plan. 

Fig. 5. Patient D —Case example of a patient with severe degenerative scoliosis with coronal deformity. A surgical plan was created for correction of deformities, 

and an implant was templated to fit the correction. 
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nd a plan was created for correction of deformity using the patient’s

natomy and desired segmental lordosis goals via posterior spinal fusion

nd TLIF from L3-S1. Postoperative measurements demonstrate the abil-

ty to achieve the desired lordosis at the operative levels selected with

he patient specific interbody cages ( Fig. 8 ). 

iscussion 

Perhaps the biggest drawback to the use of patient-specific implants

n spine is the paucity of currently available high-quality studies/trials
5

elating to this new technology. Even the larger studies available only

emonstrate provisional results with small patient populations, making

he generalizability of the conclusions difficult to determine. It is true

hat as our understanding of spinal deformity grows, the more ques-

ions arise about the implants we use to achieve our surgical goals.

umerous studies have demonstrated that health related quality of life

cores and patient reported outcomes are correlated with certain global

nd regional spinopelvic parameters [ 40–45 ]. However, the correlation

etween spinopelvic alignment parameters and patient reported out-

omes have been called into question in the recent literature [ 46–48 ],
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Fig. 6. Patient D —Postoperative spino-pelvic alignment parameters demonstrating correction of thoracic kyphosis and coronal imbalance. 

Fig. 7. Patient E —Case example of a patient with degenerative scoliosis of the lumbar spine with loss of disc height, spondylolisthesis of L4 on L5, and foraminal 

narrowing at L5-S1. 
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hich has led to surgeons claiming that more refined systems should

e developed to predict outcomes in spine surgery. Indeed, the solu-

ion to achieving excellent clinical outcomes does not lie in alignment

oals alone, but is multifactorial, and includes preoperative optimiza-

ion [ 49 ], multidisciplinary safety assessment [ 50 ], and patient expec-

ations [ 51 ], to name a few. Surgeon-related factors even play a role.

aniels et al. demonstrated that efficiency in the OR is related to less
6

omplications, blood loss, fewer ICU admissions, and shorter hospital

tays. The next wave of innovation in spine surgery will involve technol-

gy that incorporates thoughtful surgical planning, patient and surgeon

pecific factors, and validated predictive models for each case. Time will

eveal if the evolution of 3D-printed additive manufacturing of patient

pecific implants is the catalyst that allows the field of spine surgery to

rrive at the next chapter of excellent patient care. 
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Fig. 8. Patient E (continued) - A 3-D reconstruction of the patient’s anatomy was created, and 3 custom cages were manufactured based on the surgical correction 

goals. Postoperative alignment parameters closely match the planned values. 
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onclusion 

There has been a notable increase in the popularity of patient specific

mplants in spine surgery over the last decade. With the expected influx

f health care spending in the field of 3D-printing, the use of these im-

lants can be expected to grow on par. Patient specific surgical guides,

reoperative planning software, and patient specific implants – such as

ods and cages have demonstrated promising results in the literature for

elping surgeons achieve spinal alignment goals. In the search for im-

roved outcomes in spine surgery, patient specific technology must be

onsidered as a promising solution in the next era of spine surgery. 
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