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Abstract: Background: Cervical disc arthroplasty (CDA) is currently used instead of fusion to pre-
serve cervical spine motion. Cervical implant subsidence is a potential complication after CDA.
Methods: Radiological measurements were recorded via patient anteroposterior and lateral radio-
graphs in the neutral position. Subsidence was defined as a decrease of 3 mm or more in functional
spinal unit height (FSUH) from which was measured on a post-operative (OP) radiograph. Results:
This study included 104 patients who underwent 153 CDA levels with the Bryan Disc. Approximately
one-quarter of the implants (22.9%) showed subsidence. Binary logistic regression analysis indicated
that pre-OP mean disc height (DH) was identified as an independent risk factor for subsidence in
multivariate analysis (0.151, 95% Confidence Interval 0–0.073, p = 0.018). Receiver operating charac-
teristic curve analysis (area under the curve = 0.852, sensitivity 84.7%, specificity 77.1%) revealed a
cut-off value of 4.48 mm for pre-OP Mean-DH in the risk for implant subsidence. Conclusions: In
this study, the subsidence rate significantly increased when the implants were oversized beyond a
pre-OP Mean-DH of approximately >4 mm. Moreover, the implant subsidence incidence was higher
than that reported in previous studies. This is possibly due to endplate over-preparation or disc space
over-distraction during placement at the same height as the Bryan Disc (8.5 mm).

Keywords: cervical disc arthroplasty; implant subsidence; functional spinal unit height; Bryan disc;
mean disc height; oversized; implant height

1. Introduction

Since the 1950s [1], anterior cervical discectomy and fusion (ACDF) has been widely
used as a surgical intervention for degenerative cervical spine disease [2]. However, while it
effectively relieves the treated segment’s symptoms, it sacrifices segmental mobility, which
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can lead to adjacent segment degeneration and symptom recurrence [3–6]. To preserve
functional spinal motion, cervical disc arthroplasty (CDA) with an artificial disc is the
most common non-fusion technique used [7]. The benefits of CDA over traditional fusion
surgery include maintaining the range of motion, reconstituting disc height and spinal
alignment, avoiding adjacent segment degeneration (ASD), and preserving near-normal
spine kinematics [7,8]. Some studies show a lower rate of reoperation and revision [9–11].
However, studies with a longer follow-up period after CDA have revealed more complica-
tions, such as metallosis, heterotopic ossification, and anterior bone loss [12–17]. Recently,
implant subsidence has emerged as a rare but concerning CDA complication [14,15,18].
Although the axial stress in the neck is low, cervical artificial disc subsidence has still
occurred in some cases during post-operative (post-OP) follow up.

Among fusion cases, as ACDF has been widely used since the late 20th century,
post-OP cage subsidence has been well documented. The current literature suggests a
subsidence rate ranging from 19.3% to 42.5% [19,20]. The risk factors for cage subsidence
include: osteoporosis [21], endplate violation, small implant contact footprint [22], and
the number of operative levels [23]. Unlike ACDF, the CDA experience and follow-up
time are more limited, and the risk factors and mechanisms leading to implant subsidence
remain uncertain. Radiographic subsidence rates in CDA widely varies from 0% to 33.3%
in the literature, and few studies have sought to define the mechanisms of subsidence [24].
Although most radiographically detected implant subsidence is not clinically symptomatic,
in rare cases, generally <3% in most large series [3,18], it can still lead to structural instability
and disc space collapse, which may cause segmental kyphosis and contribute to ASD [25,26].
Due to the limited studies and the low overall subsidence rate, few published studies have
defined the mechanisms of CDA subsidence.

This study retrospectively examined the subsidence risk factors in patients with
cervical radiculopathy and/or myelopathy treated with CDA, exclusively using the Bryan
Disc, and reviewed the existing ACDF and CDA subsidence literature.

2. Materials and Methods
2.1. Patient Population

Patients at a single institution who underwent CDA from June 2006 to September
2016 were enrolled in this study. All patients were operated on exclusively by a single
neurosurgeon using the Bryan Disc (Medtronic Sofamor Danek, Memphis, TN, USA). All
CDA were treated within the C3 to C7 disc segments. Patients who had previous cervical
spine surgery, instability, history of infection, tumor etiology, or incomplete follow-up
record were excluded. Demographic factors and operative clinical data, including age,
gender, operative levels, implant placement segment, follow-up period, and smoking
habits, were assessed. The relevant Institutional Review Board approved the study, which
was conducted in accordance with the Declaration of Helsinki.

2.2. Radiographic Evaluation

The radiological measurements were conducted by two experienced neurosurgeons
using anteroposterior (AP) and lateral (Lat) radiographs in the neutral position at four
different time points: pre-operative (pre-OP), immediately post-operative (post-OP), one
year follow-up, and last follow-up. The criterion for implant subsidence was a reduction
≧3 mm in the functional spinal unit height (FSUH) observed on the Lat radiograph [3,13,23].
The mean disc height (Mean-DH) prior to surgery was calculated as the mean of the anterior,
middle, and posterior intervertebral disc spaces. The change in disc height (∆DH) was
obtained by measuring the difference between pre-OP Mean-DH and implant height (IH)
(Figure 1). Additionally, we measured the ratio between the endplate length and the Bryan
Disc on the AP and Lat radiographs (AP ratio and Lat ratio, respectively). The implant
contact footprint between the Bryan Disc and endplate (CDA area) was determined by the
sum of the AP and Lat ratios (Figure 2). Implant subsidence was graded as follows: Grade
0 for FSUH decrease < 3 mm (no subsidence), Grade 1 for FSUH decrease ≧ 3 mm but
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<5 mm (mild subsidence), Grade 2 for FSUH decrease ≧ 5 mm (moderate subsidence), and
Grade 3 for FSUH decrease ≧ 5 mm with adjacent vertebral collapse (severe subsidence).
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Figure 1. Grade 1 subsidence in a case that underwent C5–C6 cervical disc arthroplasty (CDA).
(A–C) are the cervical radiographs before surgery, immediately after surgery, and at 1 year follow-
up, respectively. (D–F), respectively, represent the schematic diagrams for radiographs (A–C).
DH1 = anterior disc height; DH2 = middle disc height; DH3 = posterior disc height; FSUH = functional
spinal unit height; IH = implant height; ISA = implant subsidence area.
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view and lateral (LAT) view of the post-operative radiographs, respectively. AP1 = the width of the 
Bryan Disc; AP2 = the width of the adjacent endplate; LAT1 = the length of the Bryan Disc; LAT2 = 
the length of the adjacent endplate. 
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Age, years 49.00 (43.00, 54.25) 49.00(43.25, 55.00) 49.00(43.00, 54.75) 0.976 

Figure 2. Illustration of measuring AP1, AP2, LAT1, LAT2. (A,B) represent the anteroposterior (AP)
view and lateral (LAT) view of the post-operative radiographs, respectively. AP1 = the width of the
Bryan Disc; AP2 = the width of the adjacent endplate; LAT1 = the length of the Bryan Disc; LAT2 = the
length of the adjacent endplate.

2.3. Calculation

All quantitative variables were reported as the mean with standard deviation, while
the qualitative variables were presented as ratios and numbers. Continuous variables were
evaluated using the paired Student’s t-test and one-way analysis of variance (ANOVA),
whereas categorical variables were tested using the Pearson Chi-square test. Binary and
multivariate logistic regression analyses were conducted to determine the odds ratio for
subsidence. A p-value less than 0.05 was considered statistically significant. All statistical
analysis was conducted using SPSS version 26 (IBM Corp., Armonk, NY, USA).

3. Results

Throughout the designated period of analysis, 125 patients met the eligibility criteria.
However, seventeen were excluded from the study due to an insufficient follow-up period,
while another four were excluded due to previous cervical spine surgery. Therefore, a total
of 104 patients with 153 CDA operative segments utilizing the Bryan Disc were studied.
The study cohort’s demographic data are presented in Table 1. All patients were diagnosed
with either cervical radiculopathy and/or myelopathy. Radiological implant subsidence
was detected in 35 implants (22.9%) in 18 patients (17.3%), with 33 cases (94%) of subsidence
occurring at the vertebrae anterior edge, with a nearly equal distribution between the upper
and lower vertebrae (52% and 48%, respectively). The mean follow-up duration of the
cohort was 51 months, with a longer follow-up period observed in the subsidence group
(71 vs. 43.5 months, p = 0.007). Half of the cohort comprised female patients. Eighty-three
(54.2%) treatments were in the C5–C6 segment, with 55 (52.9%) patients receiving a single-
level CDA. The pre-OP Mean-DH was smaller in the subsidence group (4.0 vs. 5.36 mm,
p < 0.001). The ∆DH was higher in the subsidence group. The implant contact footprint did
not display any statistical significance related to implant subsidence.
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Table 1. Study population demographic data stratified by presence of subsidence.

No Subsidence Subsidence Total p Value

Participants 86 18 104
CDA numbers, n 118 35 153
Sex 1.000

Female 43 (50.0%) 9 (50.0%) 52 (50.0%)
Male 43 (50.0%) 9 (50.0%) 52 (50.0%)

Age, years 49.00 (43.00, 54.25) 49.00 (43.25, 55.00) 49.00 (43.00, 54.75) 0.976
Smoking, n 26 (30.2%) 5 (27.8%) 31 (29.8%) 1.000
Follow-up period, months 43.50 (16.50, 75.75) 71.00 (48.00, 135.50) 51.00 (20.75, 89.75) 0.007 **
Operative levels 0.597

Single level cases 47 (54.7%) 8 (44.4%) 55 (52.9%)
Two level cases 39 (45.3%) 10 (55.6%) 49 (47.1%)

Segments 0.594
Single level 47 (37.3%) 8 (29.6%) 55 (35.9%)
Two level 79 (62.7%) 19 (70.4%) 98 (64.1%)
C3–C4 11 (8.7%) 2 (7.4%) 13 (8.5%) 1.000
C4–C5 38 (30.2%) 6 (22.2%) 44 (28.8%) 0.553
C5–C6 68 (54.0%) 15 (55.6%) 83 (54.2%) 1.000
C6–C7 9 (7.1%) 4 (14.8%) 13 (8.5%) 0.247

pre-OP Mean-DH 5.36 (5.19, 5.52) 4.0 (3.7, 4.3) 5.05 (4.88, 5.22) <0.001 **
∆AP, mm 0.17 (0.15, 0.19) 0.21 (0.16, 0.25) 0.18 (0.16, 0.19) 0.056
∆Lat, mm 0.14 (0.12, 0.16) 0.14 (0.1, 0.19) 0.14 (0.12, 0.16) 0.970
∆DH, mm 0.59 (0.57, 0.61) 0.67 (0.62, 0.72) 0.61 (0.59, 0.63) 0.002 **
AP ratio 0.92 (0.91, 0.92) 0.9 (0.88, 0.92) 0.91 (0.91, 0.92) 0.075
Lat ratio 0.94 (0.93, 0.95) 0.94 (0.92, 0.96) 0.94 (0.93, 0.95) 0.917
BMD 1.136 (1.09, 1.16) 0.998 (0.96, 1.03) 1.13 (1.05, 1.15) 0.072
T score 0.3 (0.05, 0.35) −1 (−1.21, −0.75) 0.1 (−0.6, 0.3) 0.064

CDA, cervical disc arthroplasty; pre-OP, pre-operation; DH, disc height; AP, anteroposterior; Lat, lateral; ∆AP,
difference in width between endplate and CDA in AP view; ∆Lat, difference in width between endplate and CDA
in Lat view; ∆DH, difference in height before and after CDA in Lat view; BMD, bone mineral density. Brackets:
Median (Interquartile Range). ** p < 0.01.

Binary logistic regression analysis revealed that pre-OP Mean-DH and ∆DH were
both potential risk factors for implant subsidence in single variate models. However, the
multivariate model identified only pre-OP Mean-DH as an independent risk factor for
subsidence (0.151, 95% Confidence Interval 0–0.073, p = 0.018) (Table 2). Further analysis
using receiver operating characteristic (ROC) curves was performed to determine the
suitability of using pre-OP Mean-DH to predict subsidence risk. A cut-off value of 4.48 mm
for pre-OP Mean-DH was established to reveal the risk of implant subsidence following
CDA with the Bryan Disc (area under the curve = 0.852, sensitivity 84.7%, specificity 77.1%).

Table 2. Bryan Disc subsidence independent risk factors identified by logistic regression.

Simple Regression Multiple Regression (Forward)
OR 95% CI p Value OR 95% CI p Value

Age 1.003 (0.948, 1.061) 0.916
Gender 1.127 (0.432, 2.938) 0.807

Smoking 0.814 (0.292, 2.265) 0.693
pre-OP Mean-DH 0.186 (0.103, 0.336) <0.001 ** 0.151 (0.059, 0.391) <0.001 **

∆AP-mm 35.557 (0.862, 1467.464) 0.06
∆Lat-mm 1.059 (0.056, 20.097) 0.969
∆DH-mm 2.616 (1.707, 4.011) <0.001 ** 0.797 (0.395, 1.61) 0.528
AP ratio 0.001 (0, 2.301) 0.078
Lat ratio 0.66 (0, 1470.868) 0.916

Contact footprint of implant 0.016 (0, 6.824) 0.18

p-Value < 0.05 was considered statistically significant. The 95% CI range is provided in brackets. ** p < 0.01. OR,
odds ratio; CI, Confidence Interval; pre-OP, pre-operation; DH, disc height; CDA, cervical disc arthroplasty; ∆AP,
difference in width between endplate and CDA in AP view; ∆Lat, difference in width between endplate and CDA
in Lat view; ∆DH, difference in height before and after CDA in Lat view; AP, anteroposterior; Lat, lateral.
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The majority of cases (27 implants or 77%) exhibited Grade 1 subsidence. Grade 2
subsidence was observed in eight implants (Figure 3), with no patient meeting the criterion
for Grade 3 subsidence.
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Figure 3. Lateral radiographs of a patient who underwent C4–C5 and C5–C6 cervical disc arthroplasty.
(A,B) depict the lateral view of radiographs immediately after the surgery and at a 1-year follow-up,
respectively. Panel (B) illustrates implant subsidence at the anterior upper edge of the C5 vertebra
(yellow arrow), resulting in a decrease in functional spinal unit height of over 5 mm. This aligns with
the criterion for Grade 2 subsidence.

4. Discussion

The Bryan Disc is a prosthetic device that imitates the natural movement of the cervical
intervertebral disc in CDA. The device is composed of two convex titanium alloy spheres,
an intervening polyurethane core that articulates with each sphere, a polyurethane circular
wall, and a cavity [27]. It received US Food and Drug Administration (FDA) approval in
2005 for reconstructing the cervical disc following single-level discectomy for intractable
radiculopathy and/or myelopathy in skeletally mature patients. The Bryan Disc was
replaced by its second-generation product in 2016 and was discontinued in February 2020.
The contraindications to implanting the Bryan Disc include active infection; allergy to
titanium, polyurethane, or ethylene oxide residues; osteoporosis (defined as a dual-energy
X-ray absorptiometry bone mineral density [BMD] T-score of −2.5 or worse); marked
cervical instability on radiographs; significant kyphotic deformity; or significant lordosis
reversal (Supplementary Materials).

We conducted a retrospective, longitudinal radiographic study to evaluate the change
in FSUH at the target segments and the development of implant subsidence after at least
1 year of follow-up after CDA with the Bryan Disc. Furthermore, we analyzed potential
risk factors for implant subsidence, including oversized implant, small implant contact
footprint, age, gender, operative levels, implant placement segment, follow-up period, and
smoking habit. Finally, we examined the correlation between these radiological findings
and clinical outcomes to provide context for the results.

In contrast to fusion surgery, CDA offers a certain degree of mobility to the cervical
spine after surgery, increasing the complexity of the biodynamics affecting bone growth
and resorption. In this passive movable system, the artificial disc force distribution is
variable and changes with different cervical postures. According to the pressure formula,
the pressure exerted by an implant on the vertebral endplate is directly proportional to
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the force applied and inversely proportional to the surface area. These two factors in the
pressure formula correspond to the two risk factors, namely implant oversizing and small
implant contact footprint. Godlewski et al. reported that implant subsidence is significantly
related to the coefficient value that represents the surface area ratio of the implant to the
adjacent vertebral body bone surface areas. In their study, subsidence occurred significantly
less frequently for coefficient values ≥ 0.37 [22]. This finding reinforces the significance of
the surface area in the pressure formula. Nevertheless, in our investigation, we utilized
the sum of the AP ratio and the Lat ratio as a metric to estimate the presumed Bryan Disc
contact footprint. This metric did not differ significantly between the two cohorts (p = 0.18).

Data analysis revealed that patients with a subsided implant had a decreased FSUH at
follow-up compared to the measurement taken immediately after the surgery. However,
this decrease was similar to the pre-OP measurement, indicating that the FSUH tends to
return to its natural height. This finding raises the question of whether exceeding the
natural intervertebral disc height increases the risk of implant subsidence. Binary logistic
regression revealed that pre-OP Mean-DH and ∆DH were potential risk factors for implant
subsidence in single variate models. These two factors suggest that the gap between the
pre-OP disc height and the implant height is responsible for implant subsidence. A smaller
pre-OP Mean-DH or a higher post-OP disc space both contribute to increased pressure on
the endplates. However, the multivariate model identified only pre-OP Mean-DH as an
independent risk factor for subsidence. All patients in the study received the same brand
of artificial disc, the Bryan Disc, which has a unique height of 8.5 mm. This standardization
caused operative segments with a lower pre-OP Mean-DH to be propped up higher after
the artificial disc was implanted. The study found that the subsidence rate significantly
increased in segments with a pre-OP Mean-DH which was less than 4.48 mm. Therefore,
placing an oversized artificial disc approximately 4 mm higher than the pre-OP Mean-DH
is a risk factor for post-OP implant subsidence.

In lumbar disc arthroplasty, the possibility of subsidence is acknowledged as a po-
tential complication [28], with reported device-related complication rates ranging from 0
to 6.5% [29,30]. As the cervical spine experiences less axial stress than the lumbar spine,
cervical artificial disc subsidence is often deemed to be extremely rare. Nonetheless, even
though 22.9% of implants in our study had radiological subsidence during follow-up, all
were mild-to-moderate subsidence (100%) and these cases did not develop any new symp-
toms that required reoperation due to implant subsidence. This result was consistent with
the findings from a previous publication on patients receiving ACDF [23]. Therefore, since
implant subsidence is so easily overlooked, we suspect that there may be more occurrences
of implant subsidence than we have clinically observed. At present, implant subsidence is
merely a change in imaging and carries no clinical significance. However, the artificial disc
has been in use for less than 30 years. The question remains whether current radiographic
implant subsidence will progress to further clinical symptoms that require reoperation in
the future.

Kao et al. reported that undergoing surgery on multiple levels is a risk factor for
implant subsidence in ACDF [23]. Since the US FDA has approved the implantation of
artificial discs only for a maximum of two levels, we examined whether patients who
underwent surgery on two levels were more likely to experience implant subsidence than
those who underwent surgery on one level. Although our results indicated a higher
proportion of subsidence in the two-level group than the one-level group (20% vs. 14.5%,
respectively), the association between two-level surgery and implant subsidence was not
statistically significant (p = 0.957). There was also no significant difference by implant
placement segment. Whether patients who undergo surgery on more than two levels of
CDA or who receive a combination of CDA and fusion surgery are at an increased risk of
implant subsidence requires further investigation through the inclusion of more hybrid
cases in future studies.

We defined Grade 3 subsidence as an FSUH decrease ≧ 5 mm with adjacent vertebral
body collapse. When both the upper and lower endplates of a vertebra are severely
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subsided, leading to a reduction in its vertebral height, we refer to this condition as “body
collapse”. In this particular case series, not one operative segment met this criterion.
However, among other hybrid cases, a greater number of patients meeting the criterion for
Grade 3 subsidence were observed (Figure 4). Moving forward, we aspire to analyze hybrid
cases in order to characterize how adjacent segment fusion influences implant subsidence.
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Figure 4. A hybrid case underwent anterior cervical discectomy and fusion at C3–C4 and cervical
disc arthroplasty at levels C4–C5 and C5–C6. Panels (A,B) illustrate the lateral view of radiographs
taken right after the operation and at a 1-year follow up, respectively. In Panel (B), there is an evident
functional spinal unit height decrease > 5 mm at the C4–C5 and C5–C6 levels, accompanied by C5
vertebral collapse, resulting in Grade 3 subsidence in both segments (yellow arrow).

Osteoporosis is also recognized as a potential risk factor for implant subsidence. As
the FDA considers osteoporosis a contraindication for CDA, we aimed to mitigate the
potential impact of BMD on implant subsidence. All female patients over 50 years of age
and male patients over 60 years of age underwent routine BMD testing before surgery,
and patients with a T-score ≦ −2.5 were deemed ineligible for surgery. However, data on
BMD were not consistently collected in younger patients, preventing us from examining
the association between BMD and implant subsidence. When we analyzed BMD data from
32 patients above the aforementioned age thresholds in our study, we found no statistically
significant differences in implant subsidence by BMD and T-scores (p = 0.072 and 0.063,
respectively). This finding suggests that, so long as it is above a certain threshold, BMD will
not affect implant subsidence incidence in patients. However, since we did not collect BMD
data for all patients, this result cannot fully elucidate the relationship between osteopenia
and subsidence. Therefore, we suggest that, if clinically feasible, all patients undergoing
CDA surgery should undergo routine BMD testing, even young or middle-aged ones. This
practice would facilitate more detailed and comprehensive analyses, as well as future
studies on the impact of BMD on subsidence. Lee et al. reported that patients with a T-score
between −1.5 and −2.0 may be included for disc arthroplasty only when they can receive a
large sized prosthesis with prosthetic endplates greater than 10.5 cm2 [31], suggesting that
increasing the footprint between the implant and the endplate correlates with the above
concept of the pressure formula.

The current study has certain constraints that need to be acknowledged. In this series,
the subsidence group had a longer follow-up time than the non-subsidence group did.
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This difference may reflect an operational bias caused by clinical practice. During post-OP
follow-up in the outpatient clinic, patients found to have subsided implants were usually
followed over time in order to track for any newly developed symptoms. Those patients
without post-OP complications are often lost to follow-up after a few years. Furthermore,
in this series, all implant subsidence occurred within one year after surgery (average
5.9 months). Therefore, the statistical difference does not affect the conclusions drawn in
this study when excluding cases tracked for less than one year. However, Hacker et al.
reported that subsidence has been reported in patients up to 4 years after CDA [15], so
further research is needed to clarify the relationship between follow-up time and implant
subsidence. This study did not include functional measures such as the Visual Analogue
Scale in the statistical analysis. Additional research is necessary to further clarify whether
implant subsidence impacts functional outcomes.

In our study, 35 implants (22.9%) in 18 patients (17.3%) presented radiological implant
subsidence, an incidence rate higher than that reported in the previous literature. This
higher rate may be due to excessive endplate violation during Bryan Disc implantation.
During endplate preparation, there is a potential risk of excessive milling and burring at
the posterior endplate when removing the posterior bone spurs. This action is undertaken
to effectively decompress the spinal cord and nerve roots. As a result, more compressive
pressure may be exerted onto the implant anterior edge than to the posterior portion,
leading to anterior subsidence. In our series, 33 cases (94%) of subsidence occurred at the
anterior edge of the vertebrae, which may indirectly support the overmilling and burring
hypothesis. However, as this study did not include artificial discs other than the Bryan Disc,
and further comparisons with other artificial discs are needed to draw further conclusions.

The risk of implant subsidence is equal in significance to the potential for adjacent
disc disease, representing critical considerations in the strategic planning of CDA. These
factors are of paramount importance, not only in choosing between anterior and posterior
surgical approaches, but also in the broader context of ensuring optimal spinal health.
The preservation or restoration of sagittal vertical alignment is a pivotal goal that informs
our decision-making process [32]. When evaluating the best surgical route, we meticu-
lously weigh the implications of subsidence, which can lead to implant misalignment
and compromise spinal stability, against the consequences of adjacent disc disease, which
may precipitate further degenerative changes. Both scenarios could significantly impact
patient outcomes, highlighting the necessity of a balanced and informed approach in sur-
gical planning. This comprehensive evaluation underscores the importance of a holistic
view in addressing spinal conditions, aiming to achieve the best possible balance between
mechanical stability and biological health of the spine.

5. Conclusions

The Bryan Disc is associated with a high subsidence rate due to the excessive endplate
preparation and disc space over-distraction intrinsically related to the insertion technique
required for the placement of this CDA implant. In this study, the implant subsidence rate
was higher than in previous reports, and significantly increased when oversized Bryan
Discs were used, causing an increase of more than 4 mm in the pre-OP Mean-DH. While
new artificial discs have been developed that require less endplate preparation and provide
various-sized implants, appropriate size selection remains crucial. Future designs should
consider subdivided size selection and reduced minimum size for patients with a narrow
pre-OP intervertebral disc height.

Supplementary Materials: The following supporting information was accessed on 14 January 2024
and can be downloaded at: https://www.accessdata.fda.gov/cdrh_docs/pdf6/p060023c.pdf.

https://www.accessdata.fda.gov/cdrh_docs/pdf6/p060023c.pdf


J. Clin. Med. 2024, 13, 1589 10 of 11

Author Contributions: C.-Y.L., K.-K.T., R.-H.L. and T.-Y.C. were responsible for conceptualization,
visualization, data curation, formal analysis, review, and original draft editing. W.-H.C., C.-Y.T. and
C.-W.H. performed the formal analysis, review, and original draft editing. H.-K.T. and T.-H.K. were
responsible for data curation, supervision, and article conceptualization. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study protocol was approved on 18 May 2023, by the
Institutional Review Board of Taichung Veterans General Hospital (IRB-CE23206B) and followed the
Declaration of Helsinki. All patients were informed at the time of hospital admission that their data
would be encoded and that it might be used for research projects.

Informed Consent Statement: Patient consent was waived due to a retrospective study which used
extracted data from medical record.

Data Availability Statement: All data are available upon reasonable request from the correspond-
ing author.

Acknowledgments: All data were extracted from Taichung Veterans General Hospital. Neither the
patients nor the public were involved.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Smith, G.W.; Robinson, R.A. The treatment of certain cervical-spine disorders by anterior removal of the intervertebral disc and

interbody fusion. J. Bone Joint Surg. Am. 1958, 40, 607–624. [CrossRef] [PubMed]
2. Maharaj, M.M.; Mobbs, R.J.; Hogan, J.; Zhao, D.F.; Rao, P.J.; Phan, K. Anterior cervical disc arthroplasty (ACDA) versus anterior

cervical discectomy and fusion (ACDF): A systematic review and meta-analysis. J. Spine Surg. 2015, 1, 72–85. [PubMed]
3. Gornet, M.F.; Lanman, T.H.; Burkus, J.K.; Hodges, S.D.; McConnell, J.R.; Dryer, R.F.; Copay, A.G.; Nian, H.; Harrell, F.E. Cervical

disc arthroplasty with the Prestige LP disc versus anterior cervical discectomy and fusion, at 2 levels: Results of a prospective,
multicenter randomized controlled clinical trial at 24 months. J. Neurosurg. Spine 2017, 26, 653–667. [CrossRef] [PubMed]

4. Eck, J.C.; Humphreys, S.C.; Lim, T.H.; Jeong, S.T.; Kim, J.G.; Hodges, S.D.; An, H.S. Biomechanical study on the effect of cervical
spine fusion on adjacent-level intradiscal pressure and segmental motion. Spine 2002, 27, 2431–2434. [CrossRef] [PubMed]

5. Park, J.Y.; Kim, K.H.; Kuh, S.U.; Chin, D.K.; Kim, K.S.; Cho, Y.E. What are the associative factors of adjacent segment degeneration
after anterior cervical spine surgery? Comparative study between anterior cervical fusion and arthroplasty with 5-year follow-up
MRI and CT. Eur. Spine J. 2013, 22, 1078–1089. [CrossRef] [PubMed]

6. Matsumoto, M.; Okada, E.; Ichihara, D.; Watanabe, K.; Chiba, K.; Toyama, Y.; Fujiwara, H.; Momoshima, S.; Nishiwaki, Y.;
Iwanami, A.; et al. Anterior cervical decompression and fusion accelerates adjacent segment degeneration: Comparison with
asymptomatic volunteers in a ten-year magnetic resonance imaging follow-up study. Spine 2010, 35, 36–43. [CrossRef]

7. Zavras, A.G.; Sullivan, T.B.; Singh, K.; Phillips, F.M.; Colman, M.W. Failure in cervical total disc arthroplasty: Single institution
experience, systematic review of the literature, and proposal of the RUSH TDA failure classification system. Spine J. 2022, 22,
353–369. [CrossRef]

8. Anderson, P.A.; Rouleau, J.P. Intervertebral disc arthroplasty. Spine 2004, 29, 2779–2786. [CrossRef]
9. Phillips, F.M.; Geisler, F.H.; Gilder, K.M.; Reah, C.; Howell, K.M.; McAfee, P.C. Long-term Outcomes of the US FDA IDE

Prospective, Randomized Controlled Clinical Trial Comparing PCM Cervical Disc Arthroplasty with Anterior Cervical Discectomy
and Fusion. Spine 2015, 40, 674–683. [CrossRef]

10. Lavelle, W.F.; Riew, K.D.; Levi, A.D.; Florman, J.E. Ten-year Outcomes of Cervical Disc Replacement with the BRYAN Cervical
Disc: Results from a Prospective, Randomized, Controlled Clinical Trial. Spine 2019, 44, 601–608. [CrossRef]

11. Radcliff, K.; Davis, R.J.; Hisey, M.S.; Nunley, P.D.; Hoffman, G.A.; Jackson, R.J.; Bae, H.W.; Albert, T.; Coric, D. Long-term
Evaluation of Cervical Disc Arthroplasty with the Mobi-C© Cervical Disc: A Randomized, Prospective, Multicenter Clinical Trial
with Seven-Year Follow-up. Int. J. Spine Surg. 2017, 11, 31. [CrossRef]

12. Pickett, G.E.; Sekhon, L.H.; Sears, W.R.; Duggal, N. Complications with cervical arthroplasty. J. Neurosurg. Spine 2006, 4, 98–105.
[CrossRef]

13. Walraevens, J.; Demaerel, P.; Suetens, P.; Van Calenbergh, F.; van Loon, J.; Sloten, J.V.; Goffin, J. Longitudinal prospective long-term
radiographic follow-up after treatment of single-level cervical disk disease with the Bryan Cervical Disc. Neurosurgery 2010, 67,
679–687; discussion 87. [CrossRef] [PubMed]

14. Berg, A.; Killen, M.-C.; Khan, S.; Reddy, G.; Friesem, T. Subsidence in Single Level Cervical Disc Arthroplasty. Glob. Spine J. 2015,
5 (Suppl. S1), s-0035-1554496. [CrossRef]

https://doi.org/10.2106/00004623-195840030-00009
https://www.ncbi.nlm.nih.gov/pubmed/13539086
https://www.ncbi.nlm.nih.gov/pubmed/27683682
https://doi.org/10.3171/2016.10.SPINE16264
https://www.ncbi.nlm.nih.gov/pubmed/28304237
https://doi.org/10.1097/00007632-200211150-00003
https://www.ncbi.nlm.nih.gov/pubmed/12435970
https://doi.org/10.1007/s00586-012-2613-4
https://www.ncbi.nlm.nih.gov/pubmed/23242622
https://doi.org/10.1097/BRS.0b013e3181b8a80d
https://doi.org/10.1016/j.spinee.2021.08.006
https://doi.org/10.1097/01.brs.0000146460.11591.8a
https://doi.org/10.1097/BRS.0000000000000869
https://doi.org/10.1097/BRS.0000000000002907
https://doi.org/10.14444/4031
https://doi.org/10.3171/spi.2006.4.2.98
https://doi.org/10.1227/01.NEU.0000377039.89725.F3
https://www.ncbi.nlm.nih.gov/pubmed/20651633
https://doi.org/10.1055/s-0035-1554496


J. Clin. Med. 2024, 13, 1589 11 of 11

15. Hacker, F.M.; Babcock, R.M.; Hacker, R.J. Very late complications of cervical arthroplasty: Results of 2 controlled randomized
prospective studies from a single investigator site. Spine 2013, 38, 2223–2226. [CrossRef] [PubMed]

16. Chen, T.Y.; Chen, W.H.; Tzeng, C.Y.; Huang, C.-W.; Yang, C.-C.; Chen, H.-T.; Chang, C.-C.; Lee, C.-Y.; Tsou, H.-K. Anterior bone
loss after cervical Bryan disc arthroplasty: Insight into the biomechanics following total disc replacement. Spine J. 2020, 20,
1211–1218. [CrossRef] [PubMed]

17. Huang, C.W.; Tsou, H.K.; Chen, W.H.; Tsai, J.-C.; Chung, K.-C.; Lin, R.-H.; Chen, T.-Y.; Tzeng, C.-Y. The residual exposed endplate
ratio is predictive of posterior heterotopic ossification after cervical Bryan disc arthroplasty. J. Clin. Neurosci. 2023, 114, 97–103.
[CrossRef] [PubMed]

18. Vaccaro, A.; Beutler, W.; Peppelman, W.; Marzluff, J.; Mugglin, A.; Ramakrishnan, P.S.; Myer, J.; Baker, K.J. Long-Term Clinical
Experience with Selectively Constrained SECURE-C Cervical Artificial Disc for 1-Level Cervical Disc Disease: Results from
Seven-Year Follow-up of a Prospective, Randomized, Controlled Investigational Device Exemption Clinical Trial. Int. J. Spine
Surg. 2018, 12, 377–387. [CrossRef]

19. Mende, K.C.; Eicker, S.O.; Weber, F. Cage deviation in the subaxial cervical spine in relation to implant position in the sagittal
plane. Neurosurg. Rev. 2018, 41, 267–274. [CrossRef]

20. Karikari, I.O.; Jain, D.; Owens, T.R.; Gottfried, O.; Hodges, T.R.; Nimjee, S.M.; Bagley, C.A. Impact of subsidence on clinical
outcomes and radiographic fusion rates in anterior cervical discectomy and fusion: A systematic review. J. Spinal Disord. Tech.
2014, 27, 1–10. [CrossRef]

21. Opsenak, R.; Hanko, M.; Snopko, P.; Varga, K.; Kolarovszki, B. Subsidence of anchored cage after anterior cervical discectomy.
Bratisl. Lek. Listy. 2019, 120, 356–361. [CrossRef]

22. Godlewski, B.; Bebenek, A.; Dominiak, M.; Karpinski, G.; Cieslik, P.; Pawelczyk, T. Subsidence following cervical discectomy and
implant-to-bone ratio. BMC Musculoskelet. Disord. 2022, 23, 750. [CrossRef]

23. Kao, T.H.; Wu, C.H.; Chou, Y.C.; Chen, H.T.; Chen, W.H.; Tsou, H.K. Risk factors for subsidence in anterior cervical fusion with
stand-alone polyetheretherketone (PEEK) cages: A review of 82 cases and 182 levels. Arch. Orthop. Trauma. Surg. 2014, 134,
1343–1351. [CrossRef]

24. Parish, J.M.; Asher, A.M.; Coric, D. Complications and Complication Avoidance with Cervical Total Disc Replacement. Int. J.
Spine Surg. 2020, 14, S50–S56. [CrossRef]

25. Wu, W.J.; Jiang, L.S.; Liang, Y.; Dai, L.Y. Cage subsidence does not, but cervical lordosis improvement does affect the long-term
results of anterior cervical fusion with stand-alone cage for degenerative cervical disc disease: A retrospective study. Eur. Spine J.
2012, 21, 1374–1382. [CrossRef]

26. Brenke, C.; Dostal, M.; Scharf, J.; Weiß, C.; Schmieder, K.; Barth, M. Influence of cervical bone mineral density on cage subsidence
in patients following stand-alone anterior cervical discectomy and fusion. Eur. Spine J. 2015, 24, 2832–2840. [CrossRef]

27. Wenger, M.; Markwalder, T.M. Bryan total disc arthroplasty: A replacement disc for cervical disc disease. Med. Devices 2010, 3,
11–24. [CrossRef] [PubMed]

28. de Kleuver, M.; Oner, F.C.; Jacobs, W.C. Total disc replacement for chronic low back pain: Background and a systematic review of
the literature. Eur. Spine J. 2003, 12, 108–116. [CrossRef] [PubMed]

29. Bertagnoli, R.; Kumar, S. Indications for full prosthetic disc arthroplasty: A correlation of clinical outcome against a variety of
indications. Eur. Spine J. 2002, 11 (Suppl. S2), S131–S136. [CrossRef]

30. Griffith, S.L.; Shelokov, A.P.; Büttner-Janz, K.; LeMaire, J.P.; Zeegers, W.S. A multicenter retrospective study of the clinical results
of the LINK SB Charité intervertebral prosthesis. The initial European experience. Spine 1994, 19, 1842–1849. [CrossRef] [PubMed]

31. Lee, C.K. Osteopenia and total disc prosthesis subsidence: Inclusion/exclusion criteria for total disc replacement. SAS J. 2007, 1,
82–84. [CrossRef] [PubMed]

32. Kato, S.; Ganau, M.; Fehlings, M.G. Surgical decision-making in degenerative cervical myelopathy-Anterior versus posterior
approach. J. Clin. Neurosci. 2018, 58, 7–12. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/BRS.0000000000000060
https://www.ncbi.nlm.nih.gov/pubmed/24335628
https://doi.org/10.1016/j.spinee.2020.04.017
https://www.ncbi.nlm.nih.gov/pubmed/32360762
https://doi.org/10.1016/j.jocn.2023.06.005
https://www.ncbi.nlm.nih.gov/pubmed/37352684
https://doi.org/10.14444/5044
https://doi.org/10.1007/s10143-017-0850-z
https://doi.org/10.1097/BSD.0b013e31825bd26d
https://doi.org/10.4149/BLL_2019_058
https://doi.org/10.1186/s12891-022-05698-8
https://doi.org/10.1007/s00402-014-2047-z
https://doi.org/10.14444/7091
https://doi.org/10.1007/s00586-011-2131-9
https://doi.org/10.1007/s00586-014-3725-9
https://doi.org/10.2147/MDER.S7605
https://www.ncbi.nlm.nih.gov/pubmed/22915917
https://doi.org/10.1007/s00586-002-0500-0
https://www.ncbi.nlm.nih.gov/pubmed/12709847
https://doi.org/10.1007/s00586-002-0428-4
https://doi.org/10.1097/00007632-199408150-00009
https://www.ncbi.nlm.nih.gov/pubmed/7973983
https://doi.org/10.1016/S1935-9810(07)70051-8
https://www.ncbi.nlm.nih.gov/pubmed/25802583
https://doi.org/10.1016/j.jocn.2018.08.046
https://www.ncbi.nlm.nih.gov/pubmed/30279123

	Introduction 
	Materials and Methods 
	Patient Population 
	Radiographic Evaluation 
	Calculation 

	Results 
	Discussion 
	Conclusions 
	References

