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Abstract
Introduction  The instantaneous center of rotation (iCOR) of a motion segment has been shown to correlate with its total 
range of motion (ROM). Importantly, a correlation of the correct placement of cervical total disc replacement (cTDR) to 
preserve a physiological iCOR has been previously identified. However, changes of these parameters and the correspond-
ing clinical relevance have hardly been analyzed. This study assesses the radiological and clinical correlation of iCOR and 
ROM following cTDR.
Materials/methods  A retrospective multi-center observational study was conducted and radiological as well as clini-
cal parameters were evaluated preoperatively and 1 year after cTDR with an unconstrained device. Radiographic parameters 
including flexion/extension X-rays (flex/ex), ROM, iCOR and the implant position in anterior–posterior direction (IP ap), as 
well as corresponding clinical parameters [(Neck Disability Index (NDI) and the visual analogue scale (VAS)] were assessed.
Results  57 index segments of 53 patients treated with cTDR were analyzed. Pre- and post-operative ROM showed no sig-
nificant changes (8.0° vs. 10.9°; p > 0.05). Significant correlations between iCOR and IP (Pearson’s R: 0.6; p < 0.01) as well 
as between ROM and IP ap (Pearson’s R: − 0.3; p = 0.04) were identified. NDI and VAS improved significantly (p < 0.01). 
A significant correlation between NDI and IP ap after 12 months (Pearson’s R: − 0.39; p < 0.01) was found.
Conclusion  Implantation of the tested prosthesis maintains the ROM and results in a physiological iCOR. The exact posi-
tion of the device correlates with the clinical outcome and emphasize the importance of implant design and precise implant 
positioning.
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Introduction

Increasing life expectancy together with active life style 
are promoting the trend toward motion-preserving surgical 
procedures, such as cervical total disc replacement (cTDR). 
The aim of this technique is to replace the intervertebral 

disc, releasing and decompressing the corresponding nerve 
roots while maintaining and restoring segmental and overall 
range of motion (ROM). Finally, this might reduce the likeli-
hood of clinically relevant adjacent segment disease (ASD) 
representing one of the most common sequelae of fusion 
(anterior cervical discectomy and fusion; ACDF) [1]. The 
literature provides evidence, that ASD occurs with an annual 
incidence of 3% per year within the first ten years and has a 
cumulative incidence of 25% within 10 years [2, 3]. Various 
cervical disc prostheses are currently available differing in 
design, material and range of motion (ROM) [4–8]. For the 
current study, the ROTAIO® prosthesis (SIGNUS Medizin-
technik GmbH, Alzenau, Germany) was used [9]. For most 
current devices, existing data focusses either on clinical out-
comes or on overall kinematic analyses [9–11]. However, 
there are only few studies analyzing the correlation between 
clinical and kinematic results and even less focus on implant 
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positioning and the effect of the instantaneous center of rota-
tion (iCOR) on clinical parameters [12, 13].

The ROM is defined as the segmental movement in any 
direction to its full potential without causing pain. As a 
consequence, the ROM might be used to determine and to 
quantify pre- and post-operative hyper or hypomobility after 
cTDR [14]. Lateral flexion and extension x-ray images are 
routinely used to assess the ROM in the cervical as well as 
the lumbar spine [15, 16]. However, the ROM may vary sig-
nificantly due to postoperative neck pain or reduced patient 
compliance [10, 11, 17–21]. In order to describe the quality 
of motion adequately, it is essential to determine the instan-
taneous center of rotation (iCOR), which is used to outline 
the movement direction in a given or treated segment during 
motion [14]. Previous studies indicate that the location of 
the iCOR after cTDR deviates significantly from its pre-
operative location at the instrumented level, but a detailed 
understanding of its clinical impact is still missing [12, 13, 
22]. The same is true for the ROTAIO® prosthesis, a novel 
unconstrained cTDR device. There is currently no data avail-
able, on how the design mimics the physiological function 
of the cervical spine in relation to the ROM, whether the 
postoperative iCOR deviates from the preoperative iCOR 
and whether these parameters have an impact on clinical 
outcome.

This study aimed to analyse the pre- and postoperative 
ROM and the pre- and post-operative shift of the iCOR 
after cTDR with the ROTAIO® prosthesis and to evaluate a 
potential correlation between ROM, iCOR and the clinical 
outcome after 12 months.

Material and methods

Study design

This is a retrospective analysis of clinical and radio-
graphic data from a previous prospective multicenter 
study (ROTAIO Multi Int PRO) evaluating clinical and 

radiological parameters pre- and 12 months postoperatively 
after cTDR with the ROTAIO® prosthesis. The ROTAIO 
Multi Int PRO study was approved by the local ethics com-
mittee (ID: AN 5199; session number 328/4.13) to ensure 
the standards of good clinical practice (GCP).

Patient population

We analyzed 53 patients treated with a uni- or bilevel cTDR 
from 5 different neurosurgical centers. 49 patients (92.5%) 
received a one level cTDR and 4 patients (7.5%) were treated 
by two-level cTDR. In- and exclusion criteria are summa-
rized in Table 1.

Prosthesis design

The ROTAIO® prosthesis is an unconstrained prosthesis 
enabling an uncoupled translation of the vertebral bodies 
with a variable center of rotation (Fig. 1). This is warranted 
by a superior and inferior end plate with fixed sliding ele-
ments. The special design is intended to mimic physiological 
motion of the index segment aiming to reduce the biome-
chanical load on the adjacent levels. The device replaces the 
disc within the disc space and is sligthly inserted into the 
upper and lower vertebral endplates using specific insertion 
tools and is available in 16 different sizes [9].

Surgical technique

Positioning, approach and decompression of the index seg-
ment was performed according to a standard right-sided 
anterior cervcial spine approach (Smith-Robinson-Cloward 
approach) [23]. For implantation of the device, the provided 
insertion instruments and the corresponding technique rec-
ommended by the manufacturer users’ manual (SIGNUS 
Medizintechnik GmbH, Alzenau, Germany) were used. The 
correct sizing of the implanted prosthesis is determined with 
the use of a trial implant.

Table 1   In- and exclusion criteria

Inclusion criteria Exclusion criteria

Age ≥ 18 Age < 18 or > 65
One- or two-level cervical disc disease between C3 and C7 Pronounced kyphosis
Radiculopathy with corresponding imaging findings Instability or osteochondrosis of the index segment

Significant degenerative changes of facet joints
Conservative therapy for at least 6 weeks unless pronounced neurological deficits or mas-

sive pain
Significantly reduced segment mobility
Prior surgery on the cervical spine
Infection

Intervertebral disc height of at least 50% compared to a healthy disc height on MRI Neoplasia
Severe myelopathy
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Clinical outcome parameters

The visual analogue scale (VAS) was determined to assess 
neck, head, arm and overall pain levels and the neck dis-
ability index (NDI) was used to identify self-rated disability 
preoperatively and 12 months postoperatively. These data 
were taken from an already implemented multi-center pro-
spective study (ROTAIO Multi Int PRO) examining the first 
12 post-operative months after cTDR.

Radiological outcome parameters

Lateral static and dynamic radiographs (X-rays) of the cervi-
cal spine were routinely obtained preoperatively and at the 
end of the follow-up period. The ROM (in degrees [°]) at 
the instrumented level was determined using lateral flexion/
extension X-rays (flex/ex). To identify the average point of 
rotation between two vertebrae of a motion segment, we 
identified the iCOR at the index segment pre- and postop-
eratively. The iCOR is reported in percentage (%) relative to 
a local coordinate system of the adjacent inferior vertebral 

body (100% = length/height of the vertebral body) (Fig. 2). 
The corresponding iCOR was identified in anterior–poste-
rior direction (iCOR ap) as well as in cranio-caudal direction 
(iCOR cc). The last radiological parameter to be determined 
was the implant position (IP), defined as the symmetry devi-
ation between the midline of the implant and the midline 
of the adjacent inferior vertebral body in anterior–posterior 
direction. IP ap was reported in percent (%) (Fig. 3).

Statistical analysis

The imaging and statistical analysis was carried out by 
RAYLYTIC GmbH, Leipzig. The data analysis was gen-
erated unbiased through manual assessments by quali-
fied, trained personnel and/or automated, validated com-
puter routines (FXA image analysis software, FDA 510(k) 
number: K110765) in conformance with GLP and DIN 
EN ISO 13485 guidelines [24]. Values are expressed by 
means ± standard deviation (SD). The 2-sided-T-test was 
performed to analyze differences in clinical and radiological 
outcome parameters compared to the preoperative values. 

Fig. 1   Lateral views of the unconstrained ROATIO-prosthesis during inclination movement, neutral position and reclination movement

Fig. 2   The iCOR is measured in percentage (%) relative to a local coordinate system of the adjacent inferior vertebral body (100% = length/
height of the vertebral body). iCOR was determined in anterior–posterior (iCOR ap) and cranial-caudal direction (iCOR cc)
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For correlation analysis between radiological and clinical 
parameters pre- to 12 months postoperatively, the Pearson’s 
(r) correlation coefficient was used. A p-value < 0.05 was 
considered statistically significant. All statistical evalua-
tions were performed with SPSS Version 21.0 (IBM Corp. 
Released 2012. IBM SPSS Statistics for Mac OS X, Version 
21.0, NY: IBM Corp.).

Results

32 females (60.4%) and 21 males (39.6%) with a mean age 
of 47.4 years (range: 27–65 years) received a ROTAIO® 
prosthesis in a total of 57 index segments. In the two-level-
treated patients, each segment was analyzed for itself. 

The treated index segments were C4/5 (n = 2, 3.5%), C5/6 
(n = 26, 54.6%) and C6/7 (n = 29, 50.9%). All patients 
reached a follow-up (FU) of 12  months. No implant-
related complications occurred within the FU period and 
no revision surgeries were performed.

All clinical parameters improved significantly from 
pre- to 12  months postoperatively, except for VAS 
head (p < 0.01). The NDI score significantly decreased 
(39.3 ± 16.8 vs. 16.4 ± 16.5, p = 0.001), as well as the 
overall VAS (5.8 ± 2.4 vs. 2.3 ± 2.6, p = 0.001), VAS neck 
(5.1 ± 1.9 vs. 2.3 ± 2.3, p = 0.001) and VAS arm (5.3 ± 2.9 
vs. 2.0 ± 2.4, p = 0.001). VAS head also improved, but did 
not reach significance (2.9 ± 2.7 vs. 2.0 ± 2.5, p = 0.07).

The mean ROM at the index segment measured 
8.0° ± 3.7° preoperatively compared to 10.9° ± 4.7° 
12 months postoperatively without a significant differ-
ence (p > 0.05). Analysis of iCOR ap and iCOR cc after 
cTDR at the index segment demonstrated no statistically 
significant change (iCOR ap 43.4 ± 12.4 vs. 43.4 ± 53.8; 
iCOR cc − 17.4 ± 13.0 vs. 10.7 ± 12.4, p > 0.05), so that 
the preoperative iCOR ap and iCOR cc could be preserved.

A significant positive correlation between iCOR ap 
and IP ap was recognized (Pearson’s R: 0.6; p < 0.01). 
Additionally, a significant negative correlation between 
ROM and IP ap (Pearson’s R: − 0.3; p = 0.04) was present 
(Fig. 4). The correlation analysis of radiological and clini-
cal outcome parameters showed a significant correlation 
between IP ap and NDI 12 months postoperatively (Pear-
son’s R: − 0.39; p < 0.01) (Fig. 5). Thus, the more ante-
riorly the device is placed, the better the NDI outcome.

There were no further significant correlations between 
clinical and radiological parameters (Table 2).

Fig. 3   The implant position (IP) was defined as the symmetry devia-
tion between the midline of the implant and the midline of the adja-
cent inferior vertebral body in anterior–posterior direction. IP ap was 
reported in percent (%)

Fig. 4   Correlation analysis of iCOR ap and IP ap on the left side, and correlation of ROM and IP ap on the right side. (r: Pearson’s R, p: p-value)
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Discussion

The detailed radiological analysis of a large cohort treated 
with a novel unconstrained cTDR device demonstrates the 
preservation of the iCOR and the ROM indicating physio-
logic motion. Implant positioning seems to play a relevant 
role for quality of motion and clinical outcome.

As expected after anterior decompression, clinical 
parameters improved significantly 12 months postopera-
tively. Kinematic evaluation of the pre- and postopera-
tive ROM revealed no significant changes. The iCOR ap 
and iCOR cc of the index segment were also largely pre-
served, with a minimal non significant shift. Moreover, 
a significant correlation between iCOR ap and IP ap, as 
well as between the ROM and IP ap was revealed. There 
was a correlation between NDI and IP, which indicates the 
importance of proper implant positioning. This correlation 
may also be relevant for future prothesis designs.

To quantify pre- and post-operative hyper- or hypomo-
bility, we determined the ROM [14]. Like most other 
investigators of various cTDR devices (6, 10, 12, 25–27), 

a preservation of the ROM could also be demonstrated 
with the used device in our analysis.

Since it is known that ROM can vary greatly due to post-
operative neck pain or reduced patient compliance, it is rec-
ommended to determine the iCOR additionally, in order to 
describe the quality of motion appropriately [10, 11, 17–21]. 
With regard to iCOR, there are studies reporting the impor-
tance of mimicking the preoperative iCOR of a healthy func-
tional spinal unit in order to preserve physiological ROM 
and the natural kinematics of the cervical spine [5, 12, 13, 
17]. The advantage of maintaining a physiological iCOR and 
ROM may reduce excessive stress on adjacent facet joints 
and as a consequence prevent or minimize ASD [10, 11, 
17]. Additionally, the only way to determine whether the 
patient's iCOR has been covered by the implantation of this 
special prosthesis might be demonstrated best by a central 
and ventral positioning of the implant in the postoperative 
radiographic images as part of the clinical practice.

Further investigations revealed that the postoperative 
iCOR correlates with cTDR design and that devices with a 
variable iCOR more easily restore the physiological iCOR 
and the natural kinematics in comparison with a prosthesis 
with a fixed iCOR [10–12, 25]. With the used unconstrained 
device in this study, we also observed maintenance of physi-
ological iCOR and ROM after cTDR. Due to our results 
and the unconstrained design, the used prosthesis enables 
an uncoupled translation in the index segment and thus pre-
serves physiological motion. Theoretically, this should trans-
late into reduced ASD. Whereas most studies focused on 
ROM, we additionally analyzed implant position, as there is 
some variability of implant positioning in cTDR with basi-
cally all devices. The effects of IP on motion and outcome 
are unknown.

Some cTDR studies performed a simplified determina-
tion of the change of iCOR and a correlation analysis with 
clinical outcome. A slight anterior shift of the iCOR was 

Fig. 5   Correlation analysis of IP ap and NDI 12 months postoperatively. (r: Pearson’s R, p: p-value, STD: standard deviation, mean: mean value)

Table 2   Overview of correlation analysis of all clinical and radiologi-
cal outcome parameters 1 year postoperatively

Bold value indicate the Pearson’s R: − 0.39; p < 0.01

Correlation analysis (Pearson-r) at 1 year

VAS VAS VAS VAS NDI

Overall Head Neck Arm

IP–ap (%)  − 0.15  − 0.24  − 0.25  − 0.21  − 0.39
ROM (°) 0.21 0.04 0.08 0.04  − 0.04
COR ap%  − 0.04  − 0.13  − 0.06  − 0.01  − 0.10
COR cc%  − 0.27  − 0.26  − 0.27  − 0.23  − 0.23
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detected, but no significant correlations between change 
of iCOR and clinical outcome were observed [26, 27]. 
The location of the iCOR, however, depends on cTDR 
positioning and as a consequence, the surgeon defines the 
iCOR. By using a semi-constrained prosthesis, there is 
theoretically a lower likelihood of a coincidencial match 
of the physiological iCOR (centrode) and the limited pros-
thesis COR, even if the device is appropriately implanted 
[10, 17, 28]. This likelihood is even decreased by the use 
of a constrained prosthesis. With the unconstrained device 
used in this study, we observed a significant positive cor-
relation between iCOR ap and IP ap (R: 0.6), as well as a 
significant negative correlation between ROM and IP ap 
(R: − 0.3). Thus, the further anteriorly the prosthesis was 
implanted, the further the iCOR was shifted anteriorly, 
which reduced the ROM. This resulted in a significant 
decrease in the NDI score and thus a better clinical out-
come. This is in line with the correlation analysis of all 
radiological and clinical parameters, which detected the 
most pronounced correlation between IP ap and NDI (R: 
− 0.39). The more anteriorly the device is implanted, the 
more the NDI is decreased. These findings are inconsistent 
compared to prior studies investigating a semiconstrained 
device. These studies revealed no significant correlations 
between the iCOR location and the clinical outcome, even 
if the prostheses designs are not fully comparable [5, 26, 
28].

Our study demonstrates a favorable clinical outcome after 
cTDR with an unconstrained device, indicated by a signifi-
cant decrease in NDI and VAS 12 months postoperatively. 
Our findings are in line with the results of a prior study using 
the same prosthesis with excellent clinical results 2 years 
after cTDR [9]. Long-term studies with other devices have 
reported good results [10, 29–31]. Long-term data for the 
used unconstrained device of this study is not yet available, 
but the preservation of physiologic motion is promire.

Relevance of findings

According to our observations it seems to be advantageous 
to position the used unconstrained prosthesis anteriorly lead-
ing to a slightly reduced ROM but resulting in a significant 
decrease in NDI and thus a better clinical outcome. These 
findings reveal the relevance of exact implant positioning in 
cTDR. Even for unconstrained devices with a variable iCOR 
and maintenance of physiologic motion it seems of great 
importance to consider the exact placement of the prosthesis 
to achieve better clinical outcome. This data may also be 
relevant for future prothesis designs.

Comparable studies for other unconstrained devices and 
implant positioning are lacking. However, prospective long-
term clinical and kinematic outcome parameters are required 

to prove superiority of cTDR compared to ACDF procedures 
by hopefully reducing ASD.

Limitations

Obviously, the results can only be applied to the used uncon-
strained prosthesis, but similar effects of implant design or 
positioning may be found with other devices. Additionally, 
our results are limited by the lack of randomization, by the 
limited patient cohort and the retrospective study design. 
Generally, the kinematic analysis, performed by using 2D 
techniques, represents a snapshot and depends on many fac-
tors such as the individual ligament stiffness, cervical mus-
cles and the patient’s compliance.

Conclusion

Implantation of unconstrained prostheses with the oppor-
tunity of uncoupled translation maintains the physiologi-
cal ROM and iCOR. However, special attention should be 
paid on implant positioning. Accordingly, comparable data 
should be available for all cTDR designs, in order to improve 
the device function through optimal surgical handling and 
positioning.
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