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Abstract
Purpose  This paper sets out to analyse mobility changes in segments adjacent to the operated segment. Additionally, it inves-
tigates the relationship between the degree of fusion in the operated disc space and mobility changes in the adjacent segments.
Methods  In total, 170 disc spaces were operated on in 104 consecutive patients qualified for one- or two-level surgery. 
The degree of mobility of segments directly above and below the implant insertion site was calculated. Measurements 
were performed the day before the surgery and 12 months post-surgery. Functional (flexion and extension) radiographs of 
the cervical spine and CT scans obtained 12 months post-surgery were used to evaluate the fusion status. The results were 
subjected to statistical analysis.
Results  Statistically significant increase in mobility was recorded for the segments situated immediately below the operative 
site, with a mean change in mobility of 1.7 mm. Complete fusion was demonstrated in 101 cases (71.1%), and partial fusion 
in 43 cases (29.9%). In the complete fusion subgroup, the ranges of both flexion and extension in the segments directly below 
the operative site were significantly greater than those in the partial fusion (pseudoarthrosis) subgroup.
Conclusion  The mobility of the adjacent segment below the implant insertion site was significantly increased at 12 months 
post-ACDF surgery. The range of this compensatory hypermobility was significantly greater in patients with complete fusion 
at the ACDF site than in cases of pseudoarthrosis. Implant subsidence was not associated with mobility changes in the seg-
ments directly above or directly below the site of ACDF surgery.
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Introduction

Anterior cervical discectomy and fusion (ACDF), apart 
from a discectomy to decompress neural structures, aims 
to obtain bone union within the operated disc space. Bio-
mechanically, if mobility is abolished within a disc space, 
the adjacent motion segments below and above the oper-
ated segment should partly take over the mobility of the 

non-mobile segment. The pathophysiology underlying the 
disease entity referred to as adjacent segment disease (ASD) 
has been explained in terms of increased load on the motion 
segments adjacent to the operated segment that has been 
blocked/fused [1, 2]. ASD depends on a number of factors, 
being the combined result of natural degenerative processes 
and biomechanical changes associated with fusion within 
the original motion segment operated on, such as alterations 
of the ranges of motion of the adjacent segments, changes 
in the sagittal profile of the spine, and increased intradis-
cal pressure in the adjacent discs [3]. While these phenom-
ena are encountered in daily clinical practice, there is still 
a paucity of research papers representing detailed analyses 
of changes in the mobility of segments adjacent to the oper-
ated segment(s). This paper thus sets out to analyse mobility 
changes in segments adjacent to the operated segment. Addi-
tionally, it investigates the relationship between the degree 
of fusion in the operated disc space and mobility changes in 
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the adjacent segments, and the relationship between implant 
subsidence and mobility changes in the adjacent segments.

Material and methods

In total, 170 disc spaces were operated on in 104 patients, 
who were qualified for one- or two-level surgery (age: 
51.2 ± 10.3; females 73.1%). The operations included a 
discectomy, removal of osteophytes, transection of the pos-
terior longitudinal ligament, and decompression of neural 
structures. Those were followed by insertion of an inter-
body implant (cage), which was always filled with nanopar-
ticle hydroxyapatite. The degree of mobility of segments 
directly above and below the implant insertion site was 
calculated based on changes in the distance between the 
bases of spinous processes in flexion and extension. Meas-
urements were performed on functional radiographs of the 
cervical spine obtained on the day before the surgery and 
at 12 months post-surgery. The procedure for the measure-
ments is explained in Fig. 1. Measurements were made on 
the basis of radiographs obtained in one X-ray centre, fol-
lowing exactly the same procedure (distance and patient’s 
position) and utilising the same equipment and software. 
Measurements were taken at the upper border of the base 
of spinous processes as this anatomical detail is appropri-
ately visualised in most radiographs. We believe that this 
anatomic landmark ensures appropriate reproducibility of 
the measurements and leaves no uncertainty concerning 
the location of the point of measurement. The mobility of a 
motion segment was defined as the change in the distance 

between flexion and extension in millimetres. The measure-
ments were noted down with an accuracy of 0.1 mm. We 
used Infinitt Healthcare software to record, view, and analyse 
the radiographs. Analysis of radiographs was performed by 
3 individuals (2 neurosurgeons and 1 orthopaedist) who are 
among the authors of this paper. The radiographic studies 
were analysed jointly, and a final assessment was made (a 
numerical value was entered) taking into account the opinion 
of each participant.

The measurement data were used to document changes in 
mobility of the segments adjacent to the implant insertion 
site at 12 months after the surgery compared to pre-operative 
mobility. We also investigated the relationship between the 
degree of fusion of the operated disc space and change in 
the mobility of the adjacent segments to find out whether 
residual motion at the arthrodesis site would reduce com-
pensatory hypermobility of the adjacent segments. Fusion 
was assessed according to an original method also employed 
in our previous research [4, 5]. Functional (flexion and 
extension) radiographs of the cervical spine and CT scans 
obtained 12 months after the surgery were used to evaluate 
the fusion status. It was classified as 1) complete fusion, 2) 
partial fusion, and 3) absence of fusion. The classification 
criteria are presented in Table 1. Figure 2 shows examples of 
cases classified as complete and partial fusion on CT scans.

Furthermore, we investigated the relationship between 
implant subsidence and change in mobility of the adja-
cent motion segments. Implant subsidence was evaluated 
over 12 months post-surgery. Measurements of the height 
of interbody spaces in the centre of the vertebral bodies 
were taken with an accuracy of 0.1 mm, to determine the 

Fig. 1   Measurement of mobility 
of motion segment immedi-
ately above and below the 
implant insertion site. Func-
tional radiograph at 12 months 
post-surgery. A Flexion. B 
Extension. ACDF surgery had 
been performed on the C5/
C6 disc space. Distances were 
measured between the bases of 
the C4-C5 and C6-C7 spinous 
processes. The mobility of a 
motion segment was defined 
as the change in the distance 
between flexion and extension 
in millimetres. The mobility of 
the segments directly above and 
below the implant insertion site 
was also measured in this way 
in radiographs obtained on the 
day before the surgery
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distance between the endplates of adjacent vertebral bod-
ies. The radiographic indices were assessed in five different 
time instances: 1) before surgical procedure, 2) one day after 
surgery, 3) one month following the surgery, 4) six months 
post-surgery, and 5) one year post-surgery. Subsidence was 

found if the implant was displaced ≥ 3 mm into the adjacent 
endplates in reference to radiographs collected one day post-
surgery. The relationship between mobility of the segments 
adjacent to the implant insertion site and patient age was 
also investigated. Consent for the study was obtained from 

Table 1   Criteria for evaluation of fusion based on CT scans and functional plain radiographs of cervical spine at 12 months post-surgery

Reprinted by permission from Springer Nature: Acta Neurochir (Wien) 2022;164 (6):1501–1507. PEEK versus titanium-coated PEEK cervical 
cages: fusion rate. Godlewski B, Bebenek A, Dominiak M, Karpinski G, Cieslik P, Pawelczyk T

Modality Criterion Complete fusion Partial fusion Absence of fusion

Functional radiographs Mobility of implants against vertebral bodies 
on functional radiographs

No mobility No mobility Visible mobility

Computed tomography images Continuity of bone tissue immediately anterior, 
posterior, medial, and lateral to implant on 
CT scan

Visible bone tis-
sue continuity

No continu-
ity of bone 
tissue

No continuity of bone tissue

Fig. 2   Sample presentations 
of complete and partial fusion 
on CT scans at 12 months 
post-surgery: A complete fusion 
(A1—sagittal view, A2—trans-
verse view at the level of the 
implant in C6/C7 disc space). 
B partial fusion (B1—sagit-
tal view, B2—transverse view 
at the level of the implant in 
C4/C5 disc space. Reprinted 
by permission from Springer 
Nature: Acta Neurochir (Wien) 
2022;164 (6):1501–1507. 
PEEK versus titanium-coated 
PEEK cervical cages: fusion 
rate. Godlewski B, Bebenek 
A, Dominiak M, Karpinski G, 
Cieslik P, Pawelczyk T
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the relevant ethical review board (Resolution 4/2019 of the 
Bioethics Committee at Andrzej Frycz Modrzewski Cracow 
University in Cracow of 24 January 2019).

Statistical analysis

Standard descriptive statistics were used to describe baseline 
characteristics of the patients. The distribution of the contin-
uous variables was assessed using the D'Agostino–Pearson 
test for normal distribution. Parametric statistical methods 
were used for the analysis of differences and relationships 
between variables. The independent samples t test was used 
to assess differences between independent groups in the 
case of continuous or ordinal variables. For paired-group 
comparisons of continuous or ordinal variables, the paired 
samples t test was used to assess changes in mobility across 
time. Logarithmic transformation was used to correct for 
the deviation from the normal distribution to meet the 
assumption of parametric tests. The central tendency of the 
normally distributed variables is presented in tables as the 
arithmetic mean and the variation as standard deviation. In 
case of non-normally distributed variables, central tendency 
is presented as the geometric mean back-transformed after 
logarithmic transformation and variability is shown as 95% 
confidence intervals. For the variables that needed transfor-
mation, Pearson's correlation coefficient was used to assess 
relationships between non-normally distributed continuous 
variables. A two-sided P < 0.05 was considered statistically 
significant.

Results

The measurements were performed in conventional radio-
graphs and CT scans obtained over 12 months of follow-
up. At 12 months post-op, CT scans were available from 
86 patients (a total of 144 disc spaces assessed), and con-
ventional radiographs were available from 101 patients 
(166 disc spaces). As the method we employed for clas-
sifying fusion status relied on simultaneous evaluation of 
CT scans and radiographs, the final sample for evaluating 

fusion comprised 144 disc spaces, while implant subsidence 
and changes in adjacent segment mobility were evaluated 
in a total of 166 disc spaces. Measurements of change in 
adjacent segment mobility could not be performed in some 
radiographs because the anatomical landmark of upper edge 
of the base of the spinous process could not be visualised. 
Furthermore, the study group included some patients who 
had only plain A-P and lateral radiographs of the cervical 
spine performed before the surgery without functional radio-
graphs in flexion and extension so that it was not possible 
to determine changes in mobility by comparing pre- and 
post-operative evidence. The changes in mobility noted for 
the segments situated immediately above the operative site/
spondylodesis site at 12 months post-op compared to the 
pre-operative baseline were not significant. While mobility 
did increase (by 0.6 mm on average), the differences did 
not reach statistical significance. At the same time, a sta-
tistically significant increase in mobility was recorded for 
the segments situated immediately below the operative site/
spondylodesis site, with a mean change in mobility for these 
segments of 1.7 mm. These results are presented in Table 2 
and Fig. 3.

The relationship between complete fusion and mobil-
ity changes in the segments directly above and below the 
implant insertion site was also assessed. Complete fusion 
was demonstrated in 101 cases (71.1%), and partial fusion 
in 43 cases (29.9%). There were no cases of absence of 
fusion. In the complete fusion subgroup, the ranges of both 
flexion and extension in the segments directly below the 
operative site were greater as compared to the partial fusion 
(pseudoarthrosis) subgroup. These results are presented in 
Table 3.

An analysis of the relationship between patient age and 
the mobility of the segments directly above the implant 
insertion site found a statistically significant negative cor-
relation, indicating that, at 12 months post-surgery, mobil-
ity of the segments directly above (Pearson’s correlation 
coefficient r =  − 0.3149; p = 0.0143) the implant insertion 
site decreased with patient age. No significant correlation 
was found between the segments directly above the implant 
insertion and patient age (Pearson’s r =  − 0.2124; p = 0.2). 

Table 2   Mobility differences between extension and flexion for vertebral segments directly above and below the implant insertion site at baseline 
and 12 months after the surgical procedure

N number of samples, SD standard deviation, df degrees of freedom,
P value two-tailed asymptotic probability for the paired samples t test
Significant differences are underlined

Mobility difference N Baseline [mm] 12 months after surgical 
procedure [mm]

t test statistic (df) P value

Above operative site, mean (SD) 60 5.7 (2.1) 5.8 (2.4) 0.541 (59) 0.591
Below operative site, mean (SD) 38 4.2 (2.4) 5.3 (2.8) 2.275 (37) 0.029
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The decrement in mobility was progressively smaller with 
increasing age of the patients. Pre-operatively, there were 
no significant correlations between the mobility of the seg-
ments directly above (Pearson’s r =  − 0.225; p = 0.084) 
or below (Pearson’s r =  − 0.299; p = 0.065) the implant 
insertion site and the age of the patients. The relation-
ship between implant subsidence and changes in the seg-
ments directly below and above the implant insertion site 
was also analysed, but no significant correlations were 
revealed. These results can be found in Table 4. Subsid-
ence was found in 35 disc spaces, representing 21% of the 
166 data sets.

Discussion

Adjacent segment disease is defined as new degenerative 
changes at a spinal level adjacent to the surgically treated 
level/levels in the spine, accompanied by symptoms such 
as radiculopathy, myelopathy, or instability. The theo-
retical underpinnings of adjacent segment disease remain 
controversial. One approach states that some individuals 
exhibit a predisposition to develop osteoarthritis of the 
spine, and other segments, including adjacent segments, 
will become involved regardless of surgery [6, 7]. On the 

Fig. 3   Mobility differences 
between extension and flexion 
for vertebral segments directly 
above and below the implant 
insertion site at baseline and 
12 months after the surgi-
cal procedure. Bars represent 
means; whiskers represent 
standard deviations. Symbols 
and * indicate significance level 
p < 0.05; ns —not significant, 
mm—millimetres

Table 3   Flexion and extension above and below the implant insertion site 12 months after the surgical procedure in groups with complete and 
partial fusion

SD standard deviation, df degrees of freedom
*Geometric mean back-transformed after logarithmic transformation
95% CI 95% confidence interval for the geometric mean
P value two-tailed asymptotic probability for the independent samples t test
Significant differences are underlined

Measurement Fusion rate t test statistic (df) P value

Complete fusion [mm] Partial fusion/pseu-
doarthrosis) [mm]

Flexion above, 12 months, mean (SD) 22.7 (3.5) 22.8 (3.7) 0.421 (54) 0.421
Flexion below, 12 months, geometric mean* (95% CI) 26.0 (24.5–27.5) 21.8 (19.7–24.2) 3.165 (35) 0.003
Extension above, 12 months, geometric mean* (95% CI) 16.3 (15.2–17.6) 16.1 (14.8–17.6) 0.235 (54) 0.8152
Extension below, 12 months, geometric mean* (95% CI) 20.5 (19.1–21.9) 17.4 (15.0–20.3) 2.259 (35) 0.0302
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other hand, there is evidence to suggest that ASD does 
develop following surgery. ACDF produces good out-
comes, but it must be borne in mind that approximately 
25% of ACDF patients will present with symptomatic ASD 
within 10 years of the index surgery [8–12]. The most 
accurate approach appears to be that considering ASD to 
be a multifactorial condition being the combined result of 
natural degenerative processes and biomechanical changes 
associated with fusion within the original motion segment 
operated on, such as alterations of the ranges of motion of 
the adjacent segments, changes in the sagittal profile of 
the spine, and increased intradiscal pressure in the adja-
cent discs [3, 13, 14]. ASD differs from adjacent segment 
degeneration, which may be asymptomatic in a large per-
centage of elderly patients [15, 16]. Our results indicate 
a significant increase in mobility in the segments situated 
directly below the implant insertion site. This constitutes 
a confirmation of the hypothesis of compensatory nature 
of adjacent segment hypermobility associated with the 
presence of fusion at the implant insertion site. Moreover, 
our study indicates greater compensatory hypermobility 
in the presence of complete fusion than in the presence 
of a pseudoarthrosis. Hypermobility, defined as signifi-
cant differences in mobility before vs after the surgery, 
was detected in the segments situated directly below the 
implant insertion site. This may promote the develop-
ment of adjacent segment disease at these locations in the 
future. As stated earlier, we believe, as stated earlier, that 
ASD is a multifactorial condition where increased mobil-
ity of the adjacent segments is just one factor. However, 
Nabhan A et al. found no significant difference of the seg-
mental motion of the adjacent level, treated with either 
prostheses or fusion, 1 year after surgery, despite evidence 
of preserved mobility of the operated motion segment fol-
lowing artificial disc insertion [17]. Maldano et al. studied 
the prevalence of ASD with regard to a surgical history of 
ACDF vs disc arthroplasty. They demonstrated that pres-
ervation of the mobility of the operated segment with an 
artificial disc did not lead to lower rates of symptomatic 
ASD compared to ACDF surgery [18]. They believe that 
other factors are also at play and influence the develop-
ment of ASD. Similar results were obtained by Yang X 
et al. who concluded that maintaining the range of motion 
after cervical discectomy with an artificial disc does not 

prevent adjacent segment degeneration [2]. On the other 
hand, a metaanalysis by Luo I et al. found a significantly 
lower rate of ASD in a cervical disc arthroplasty group 
than in an ACDF group and additionally observed that the 
rate of revision surgery was also lower in the cervical disc 
arthroplasty group compared with the ACDF group [19]. 
Biomechanical cadaver studies showed that the presence 
of fusion in a motion segment contributes to increased 
mobility (termed compensatory hypermobility) of the 
adjacent motion segments, itself influencing disc load-
ing (increased intradiscal pressure) and the onset of ASD 
[1, 20–23]. Increased intradiscal pressure/disc loading 
induces biochemical changes within the disc. The interver-
tebral disc is dependent on nutrients diffusing through the 
extracellular matrix from peripheral blood vessels and 
vertebral endplates since it lacks a proper blood supply. 
Increased intradiscal pressure acts to alter the diffusion 
characteristics of nutrients from the periphery and leads 
to an accumulation of waste products in the disc. Failure to 
remove waste products adequately from the disc can lead 
to increased lactate levels and decreased pH, which can 
impair metabolism and lead to cell death [24]. Addition-
ally, increased compressive forces over time have been 
reported to increase the presence of collagen Type 1 and 
to decrease proteoglycans, chondroitin sulphate, and col-
lagen Type 2. All of these changes lead to disc degenera-
tion and occur during the standard process of ageing [25]. 
Most clinical research investigating mobility in adjacent 
motion segments and the development of adjacent segment 
disease is based on manual measurements of ranges of 
motion on static sagittal images at maximum flexion and 
extension. Chen SR et al. used digital diagnostic imaging 
technology to increase measurement accuracy and improve 
its reliability: biplane radiographs were taken at a rate of 
thirty images per second for three seconds during flex-
ion–extension and axial rotation movements. They studied 
the impact of surgery-related factors, such as the position 
for insertion of a cervical plate, type of implant, post-oper-
ative kyphosis of the operated segment, and the degree of 
distraction of the operated disc space, on changes in adja-
cent segment mobility both in the flexion–extension plane 
and in the axial plane. They found increased mobility in 
both analyses: mean change in flexion/extension in the 
segment immediately above the implant insertion site was 

Table 4   Difference in mobility 
12 months after vs before the 
surgical procedure above and 
below the implant insertion site 
in relation to the presence of 
subsidence

SD standard deviation, df degrees of freedom
P value two-tailed asymptotic probability for the independent samples t test

Difference in mobility after vs 
before procedure

Subsidence t test statistic (df) P value

No Yes

Above, mean (SD) 0.4 (2.5) 0.7 (2.7) 1.46 (58) 0.1498
Below, mean (SD)  − 1.3 (3.1)  − 0.03 (1.4) 0.953 (36) 0.3469
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0.7° (range − 5.4° to 6.5°) compared to 1.2° (range − 11.3° 
to 11.2°) in the segment directly below. Mean change in 
the axial range of motion was 0.7° (− 2.8° to 5.5°) for 
the segment above and 0.7° (− 2.0° to 4.2°) for the seg-
ment below. Statistical analysis revealed that the surgery-
related factors listed above did not influence the observed 
changes in adjacent segment mobility [12]. Alhashas M 
et al. analysed ACDF patients who developed symptomatic 
adjacent segment disease. The highest rate of ASD (7.9%) 
was associated with one-level procedures, compared to a 
rate of 6% following two-level procedures, 2.8% following 
three-level procedures, and no cases of symptomatic ASD 
requiring revision surgery following a baseline four-level 
procedure. With regard to disc levels, the highest rates of 
revision surgery for symptomatic ASD were noted for C5/
C6 (28%) and C4/C5 (25%). The mean interval between 
the baseline ACDF procedure and surgery for ASD was 
32 months (range 12–80 months) [3]. The limitations of 
our study comprise a relatively short follow-up period, 
analysis being limited to one- and two-level procedures, 
and that possible non-applicability of our results to longer 
fusions. The pre-operative range of motion may be limited 
because of pain that had been present before the surgery 
and might have affected the results. We cannot exclude 
the possibility that parallax effect could have affected 
the measurements we made from flexion and extension 
images. We initially considered several techniques for 
measuring changes in mobility and looked at a number of 
relevant papers. We considered using the change in Cobb’s 
angle as a parameter. We understand that any change in 
scale of the X-ray alters the linear measurement, while an 
angle measurement remains unchanged by scale. Finally, 
we decided to base our assessment on the distance between 
the bases of spinous processes. We believe that this ana-
tomic landmark ensures appropriate reproducibility of the 
measurements and leaves no uncertainty concerning the 
location of the point of measurement. Also of importance, 
sagittal mobility, which we measured, accounts for approx. 
75% of daily mobility, with the remaining 25% being asso-
ciated with axial motion, which were not measured with 
regard to change after ACDF surgery [12, 26, 27].

Conclusion

The mobility of the adjacent segment below the implant 
insertion site was significantly increased at 12 months post-
ACDF surgery. The range of this compensatory hypermobil-
ity was greater in patients with complete fusion at the ACDF 
site than in cases of pseudoarthrosis. Implant subsidence 
was not associated with mobility changes in the segments 
directly above or directly below the site of ACDF surgery.
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