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Abstract: The objective of this study was to investigate the dynamics of the urinary collagen type
II C-terminal cleavage neoepitope (uC2C) before and after total knee replacement (TKR) in rapid
knee OA progressors. C2C in the urine was measured by IBEX-uC2C assay in 86 patients (mean
age: 59.9 years) with symptomatic knee OA (kOA) undergoing TKR, assessed before surgery and 3
and 12 months after. The patients’ condition was determined by self-assessment questionnaires, by
lower limb performance tests, and by radiography. In the preoperative period, the uC2C level was
significantly higher in females than in males, and was associated with the radiographic severity of
kOA. A weak correlation between the C2C and knee pain was observed in the whole group and in
males, but not in females. The individual dynamics of uC2C after TKR were heterogenic. In general,
uC2C increased three months after TKR, but fell to the preoperative level after 12 months. A higher
preoperative uC2C implied the tendency to diminish as a result of TKR, and vice versa. TKR did not
stop the degradation of Coll2 in the tissues in the majority of cases. The pre-TKR uC2C predicts the
postoperative uC2C level. The uC2C dynamic seems to be sex-specific, so it could be considered a
prospective pre- and post-TKR biomarker for progressive kOA.

Keywords: knee osteoarthritis; total knee replacement; C2C in urine; knee radiography; KOOS: SF-36;
lower limb performance tests

1. Introduction

Studies over the past two decades have enriched us with a wealth of important in-
formation about knee osteoarthritis (kOA), including the surprising heterogeneity of the
disease [1]. kOA is a highly prevalent, disabling, whole-joint disorder that has doubled
in prevalence since the mid-20th century, mainly due to obesity and the aging of the pop-
ulation [2,3]. However, other factors—such as diet, dysbiosis, physical inactivity, and
metabolism—have also contributed to the marked increase. Women are more affected
than men. The multifactorial nature of kOA and the complexity of the disease mechanism
determine variability in the manifestation of the disease. Different phenotypes have been
recognized, and different definitions have been proposed [4,5]. The presence of many
subtypes has thus far hampered the discovery of disease-modifying therapies [6,7]. Lon-
gitudinal studies have shown that, of all cases of kOA, the disease progresses in only a
minority [8,9], and OA progression is not a continuous but a phased process [10–12]. As
noted in the previous studies, around one in seven cases progress continuously, thus reach-
ing the final stage at an accelerated rate [12,13]. Clinically, patients in middle age (<65 years

Appl. Sci. 2022, 12, 164. https://doi.org/10.3390/app12010164 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12010164
https://doi.org/10.3390/app12010164
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app12010164
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12010164?type=check_update&version=1


Appl. Sci. 2022, 12, 164 2 of 19

of age) undergoing total knee replacement (TKR) surgery due to OA are unequivocally
recognized as rapidly progressive cases of the disease [14,15].

Dozens of biochemical markers have been proposed as candidate prognostic markers
of the quick progression of kOA [16–18]. However, because cartilage degradation is a key
feature of OA’s pathogenesis, particular attention has been paid to molecules originating
from cartilage. Recently, the FNIH OA Biomarkers Consortium compared the prognostic
values of eight selected biomarkers, carefully adjusted for possible confounding factors; two
of them—urinary C-terminal telopeptide of type II collagen (uCTXII), and urinary collagen
type II C-terminal cleavage neoepitope (uC2C)—predicted the progression of kOA a little
better than other markers [19]. Recently, we reported that urinary collagenase-generated
C2C neoepitope fragments of human collagen type II (Coll2) have good prognostic value,
and are therefore promising prospective integrative characteristics of different tissues of
the knee—especially in females [20].

TKR is considered to be a reflection of joint failure, and is the most common joint
arthroplasty procedure worldwide [21]. TKR has been proposed as the clinical endpoint
for the estimation of disease-modifying OA drugs (DMOADs), e.g., inhibitors of Wnt/β-
catenin signaling (SM04690), inhibitors of aggrecanases (GLPG1972/S201086) and cathepsin
K (MIV-711), or fibroblast growth factor-18 (sprifermin) [22,23]. The determination of a
biomarker at this stage of the disease could also serve as a model for elucidating the
potential of the marker in question—in the best case, both before and after the TKR. The
knowledge of levels of biomarkers is therefore important for the description of the stage of
the disease. Despite excellent outcomes, some studies have reported dissatisfaction with the
outcome of TKR in up to 20% of patients [24,25]. Moreover, the dynamics of the biomarkers
after TKR are also necessary for a comparison of the treatment’s effect if DMOADs are to be
used instead of or in addition to TKR. In view of these important aspects, it is astonishing
that the time course of OA biomarkers after the total joint replacement has never been
analyzed systematically, and the few results obtained have been divergent [10,26–28].
Sharif et al. [10], in a long-term study, discovered a rise in serum cartilage oligomeric matrix
protein (COMP) after TKR. However, Deberg et al. [27] described the normalization of the
levels of a denaturation epitope of collagen II (Coll2-1) three months after surgery; however,
levels of its nitrated form—Coll2-1NO2—remained elevated; the authors concluded that
Coll2-1 was a sensitive and disease-specific marker of the structural changes occurring in a
single joint [27].

Considering the above problems, the present study aimed to elucidate the following:

(1) Whether uC2C values were elevated in patients scheduled for TKR surgery;
(2) How the surgical intervention affected uC2C values;
(3) How uC2C values were related to radiographic and clinical parameters before and

after TKR;
(4) Whether there were gender differences in the dynamics of uC2C values.

2. Materials and Methods
2.1. Subjects

We carried out a prospective cohort study of 86 patients (mean age ± SD: 59.9 ± 4.7 years)
undergoing primary unilateral TKR before age 70 due to end-stage kOA (Kellgren–Lawrence
system (KL) grade 3–4). TKR was performed between January 2017 and October 2019 at
the Department of Orthopedics, Tartu University Hospital, Estonia.

Relevant demographic and clinical data (Table 1), including urine samples, were
collected at three timepoints: 1–2 days before the operation, 3 months, and 12 monthsafter
the operation.
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Table 1. Clinical characteristics of the study cohort by timepoints.

Clinical Characteristics/Timepoints Pre-TKR 3 Months
Post-TKR

12 Months
Post-TKR

Subjects, n (%) 86 (100) 70 (81) 74 (86)

Mean age, years ± SD 59.9 ± 4.7 60.2 ± 4.7 60.9 ± 4.7

Mean BMI, kg/m2 ± SD 32.3 ± 4.2 32.3 ± 4.2 32.4 ± 4.2

Previous TKR of opposite knee, n (%) 20 (23) 16 (23) 15 (20)

Female, % 50 53 49

Mean age in males, years ± SD 59.2 ± 5.1 59.5 ± 5.1 60.2 ± 5.1

Mean age in females, years ± SD 60.6 ± 4.2 60.9 ± 4.2 61.6 ± 4.2

Mean BMI in males, kg/m2 ± SD 31.5 ± 4.0 31.4 ± 4.0 31.3 ± 4.4

Mean BMI in females, kg/m2 ± SD 33.1 ± 4.3 33.1 ± 4.3 33.7 ± 4.4

Obesity (BMI ≥ 30), n (%) 59 (69) 49 (70) 50 (68)

KL grade 2, n (%) 4 (4.7) - -

KL grade 3, n (%) 39 (45.3) - -

KL grade 4, n (%) 43 (50.0) - -

gOA grade 2, n (%) 16 (19) - -

gOA grade 3, n (%) 70 (81) - -
Abbreviations: n—numbers; SD—standard deviation; BMI—body mass index; TKR—total knee replacement;
KL—radiographic knee osteoarthritis as classified by the Kellgren–Lawrence system; gOA—the highest grade of
knee OA changes in two knee joint compartments (tibiofemoral and/or patellofemoral joints) as classified by the
Nottingham system (NSy).

The clinical status of kOA patients was established by patients’ self-assessment using
KOOS and SF-36 questionnaires and a visual analog scale for pain (VAS Pain), along with
performance tests, radiographic examination of knees, and a description of the knee joint
by the surgeon at the time of surgery. Patients who had signs of acute infections in the
previous three months were excluded. Other exclusion criteria were evidence of secondary
OA, such as trauma, gout, infection, or congenital and developmental disorders affecting
the knee joints. Descriptions of study groups and the availability of clinical materials are
presented in Figure A1.

The Research Ethics Committee of the University of Tartu approved the study (protocol
265/T-22, 19 December 2016), which was conducted according to the precepts of the
Declaration of Helsinki. Subjects provided written informed consent before participation.

2.2. uC2C Measurement

The study subjects were instructed to collect urine from the second morning void
in order to reduce the influence of diurnal variation in uC2C [29]. Urine samples were
stored at −80 ◦C on the day of collection. Urinary levels of collagenase-generated C2C
neoepitope fragments of human Coll2 were measured by IBEX C2C human urine sandwich
assay (IB-C2C-HUSA, (IBEX Pharmaceuticals Inc., Montreal, QC, Canada), according to
the manufacturer’s recommendations (Poole et al. [30] and https://www.ibex.ca/product-
catalog/, accessed on 1 July 2020). All of the samples from each subject were tested in
duplicate and in the same run. Each measured C2C concentration was corrected with the
creatinine concentration in the same urine sample, determined using Cobas® Creatinine
plus ver.2 (CREP2) kits (08057524190; Roche Diagnostics, Indianapolis, IN, USA) in a Roche
Cobas c501 Analyzer.

2.3. Radiographic Evaluation of Knees

Anteroposterior standing full-leg X-rays were taken from the full-extension knee.
The source-to-image distance (SID) was 3 m. X-ray exposure parameters were dependent

https://www.ibex.ca/product-catalog/
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on the patient’s limb size and tissue characteristics, and were modified digitally. Three
radiographs of the limb were taken at different levels and digitally fused by the software;
of those radiographs, knee X-rays (tibiofemoral joints) were assessed in the present study
for kOA features. In 62 out of 86 patients, additional axial views of the patellofemoral
(PF) joints were obtained with the subject in a standing position, with knee joints at 60◦ of
flexion, according to the technique described by Boegard et al. [31].

Two radiologists independently graded the knee OA (kOA) severity using two grading
systems—the Nottingham system (grades 0–3), and the KL system (grades 0–4)—for the
classification of kOA [32,33]. For the Nottingham system (NSy), joint space narrowing
(JSN) and osteophyte (OF) size were classified on a 4-point scale (grades 0–3). The highest
grade of OA changes (OF and/or JSN) among all knee compartments was expressed as the
radiographic global grade of kOA (gOA). Any differences in scoring were resolved by a
consensus reading between two radiologists.

2.4. Visual Analog Scale for Pain (VAS Pain) in Joints in Different Skeletal Areas

The visual analog scale for pain is self-completed by the respondent. The respondent
is asked to place a line perpendicular to the VAS line at the point that represents their pain
intensity at a 100 mm scale on paper. The drawings were measured and transposed to a
0–10 pain score (0 = no pain; 10 = worst imaginable pain). Fourteen joints (skeletal areas)
were assessed: right and left hand (wrist, metacarpal, and finger joints included), right and
left elbow, right and left shoulder, right and left ankle, right and left knee, right and left hip,
and upper (head, neck, and thorax) and lower (lumbar spine) back. A summary VAS pain
score (sumVAS) was calculated as the sum of all VAS scores of assessed joints. The number
of noticeably involved joints was expressed as sumJoint (VAS scores > 5 were evaluated as
noticeable involvement of a joint).

2.5. Total Knee Replacement

During the operation, orthopedic surgeons performed direct visual assessment and
reporting of knee articular cartilage status (location, depth, and extent) and the presence of
osteophytes and synovitis [34]. The implants were inserted through a standard medial para-
patellar approach, and cemented prostheses were used. The patella was left un-resurfaced,
with only its osteophytes resected. Hoffa’s fat pad was also resected. We removed the syn-
ovial tissue around the margins of the patella. Following eversion of the patella and before
removal of the osteophytes, the operating surgeon evaluated the macroscopic impairment
of cartilage according to the original Outerbridge classification [35,36]: grade 1, softening
and swelling of the cartilage; grade 2, fragmentation and fissuring in an area of 13 mm or
less in diameter; grade 3, fragmentation and fissuring in an area of more than 13 mm in
diameter; grade 4, erosion of cartilage down to the bone. Findings were recorded on the
study sheet.

2.6. The Knee Injury and Osteoarthritis Outcome Score (KOOS)

The Estonian version of the KOOS questionnaire was used (www.koos.nu, accessed
on 15 September 2021). The KOOS’s five patient-relevant subscales were scored and
analyzed separately: symptoms (7 items); pain (9 items); ADL function (17 items); sport
and recreation function (5 items), and quality of life (4 items). A Likert scale was used; all
items had five possible answer options scored from 0 (no problems) to 4 (extreme problems).
The scores were transformed to a 0–100 scale, with 0 representing extreme knee problems
and 100 representing no knee problems.

The change in KOOS after one year from the TKR was calculated by subtracting the
preoperative score from the postoperative score. To evaluate the substantial clinical benefit
(SCB) of KOOS, defined as changing by more than ±20 units, we divided patients into SCB
subgroups: worsening, no change, and improvement [37,38].

www.koos.nu
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2.7. RAND 36-Item Short-Form Survey

The RAND 36-Item Short-Form Survey (SF-36) is a widely used measure of general
health status that comprises eight subscales: physical functioning (SF36PF), role limitations
due to physical health (SF36RP), role limitations due to emotional problems (SF36RE),
energy/fatigue (SF-36VT), emotional wellbeing (SF36MH), social functioning (SF36SF),
pain (SF36BP), and general health (SF36GH) [39]. The SF-36 is self-explanatory and is
scored from 0 to 100, with 0 indicating extreme problems and 100 indicating no problems.

2.8. Lower Limb and Knee Performance Tests

Simple standardized tests were used, some of which differed slightly from later
published recommendations available on the OARSI website (http://oarsi.org/research/
physical-performance-measures, accessed on 15 October 2021). These tests included (1)
the Timed Up and Go test (TUG) (time, s); (2) a 30 s chair stand test (30sCST) (number of
repetitions); (3) a 30 m fast-paced walk test (30mFPWT) (time, s); and (4) the original chair
test (Test-Chair), which was used to assess patients’ ability to rise from the lowest chair (cm
from the floor). The corresponding heights were added or decreased in 5 cm increments.

2.9. Statistical Analysis

The data were analyzed using R software (version 4.0.5; Free Software Foundation,
Boston, MA, USA; http://www.r-project.org, accessed on 20 July 2021) and GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA). Subjects’ demographic data and
body mass indices (BMIs) were summarized as means with standard deviations and
analyzed with parametric tests (e.g., chi-squared test, t-test). As uC2C concentration
subscale values of KOOS and SF-36 were not distributed normally (checked by Shapiro–
Wilk test), nonparametric paired-samples tests (e.g., Wilcoxon signed-rank test) were used
for comparing the pre- and postoperative values of the biomarker and clinical parameters.
p-Values < 0.05 were considered to be significant.

To assess the association of clinical improvement of kOA and uC2C concentration in
the pre-TKR period, generalized linear models (GLMs) were used. As several confounders
may influence the course of kOA, we adjusted the models for age, sex, and BMI (odds ratios
(OR of double the increase in uC2C) and 95% confidence intervals (CI 95%) were presented).

3. Results
3.1. The Clinical Characteristics of the Study Cohort in the Preoperative Period

The study group consisted of 86 patients who needed TKR due to end-stage kOA
before age 70. The mean age of the patients was 59.9 (age range 46–68) years, and exactly
half (n = 43) of the subjects were females. We demonstrated that most of the patients (69%;
59 out of 86) were obese (Table 1); their BMI range was 24.2–41.4 kg/m2. The mean age
of sexes did not differ, but the BMI was slightly higher in females (mean BMI: 33.1 vs.
31.5 kg/m2 for males; p = 0.07, t-test).

Most of the patients (95%; 82 out of 86) had a severe radiological grade of kOA (grade
3/4 by KL), but some less severe cases (KL grade 2, n = 4) were also present (Table 1). In
general, we demonstrated that a radiographic KL grade of 3/4 corresponded to NSy grade
3 (Table A1).

Surgery (TKR) on the opposite knee had previously been performed on 20 out of 86
(23%) subjects. Previous knee replacement was more frequent in females (13 cases out
of 43; 30%) compared to males (7 out of 43; 16%); however, the difference did not reach
statistical significance.

The evaluation of the self-reported instruments revealed that most of the patients
had severe subjective complaints and a decrease in their quality of life in the preoperative
period. We demonstrated a serious decrease in all KOOS subscales (median score < 35), but
the sport and recreation subscale was the most severely affected (Figure 1, Table 2).

http://oarsi.org/research/physical-performance-measures
http://oarsi.org/research/physical-performance-measures
http://www.r-project.org
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Figure 1. KOOS profiles prior to and 12 months after TKR (Boxplot with 10th–90th percentiles). KOOS
subscales: pain; symptoms; activities of daily living; sport and recreation; quality of life (Wilcoxon
paired test p-values). Pre: preoperative status; Post: postoperative (1 year after TKR) status.

Table 2. uC2C, KOOS, SF-36, and lower limb performance test results in the pre- and postopera-
tive periods.

Parameter Median (1st–3rd Quantiles) p-Value of Paired Wilcoxon Test

Pre-TKR 3 m after 12 m after 1 vs. 2 1 vs. 3 2 vs. 3

KOOS subscales (self-assessment)

KOOSsymp 29 (20–43) 43 (26–57) 56 (43–66) 7.7 × 10–5 1.2 × 10–11 9.5 × 10–7

KOOSpain 33 (27–42) 58 (42–69) 64 (54–73) 5.1 × 10–9 5.3 × 10–13 0.0008

KOOSadl 35 (29–44) 55 (41–65) 64 (56–71) 4.0 × 10–8 4.3 × 10–13 5.6 × 10–5

KOOSsp/recr 0 (0–4) 0 (0–12) 12 (0–25) 0.0005 4.6 × 10–9 0.0004

KOOSqol 15 (5–20) 28 (15–40) 35 (20–45) 2.65 × 10–7 9.2 × 10–11 0.02

SF-36 subscales (self-assessment)

SF36PF 25 (17–45) 40 (30–55) 50 (34–60) 3.4 × 10–5 7.5 × 10–10 0.0022

SF36RP 0 (0–25) 0 (0–50) 0 (0–75) 0.20 0.0025 0.021

SF36RE 33 (0–100) 33 (0–100) 67 (0–100) 0.81 0.13 0.021

SF36VT 35 (29–45) 40 (29–50) 40 (30–50) 0.15 0.020 0.63

SF36MH 40 (32–48) 40 (32–48) 40 (32–48) 0.17 0.25 0.95

SF36SF 50 (25–75) 63 (38–75) 81 (63–100) 0.020 1.5 × 10–8 0.00015

SF36BP 23 (13–35) 45 (23–58) 45 (33–78) 1.2 × 10–6 4.4 × 10–9 0.26

SF36GH 55 (40–65) 60 (54–65) 60 (49–70) 0.081 0.073 0.35

Lower limb performance tests

TUG (s) 12 (10–14.5) 11 (10–12) 10 (8–12) 0.051 0.00085 0.0088

Test-Chair (cm) 48 (43.5–48.5) 49.25 (40–50) 45 (35–50) 0.24 0.0018 0.0034

30sCST (times) 7 (4–9) 8 (6–11) 9.5 (7–12) 0.20 0.022 0.32

30mFPWT (s) 28.5 (24.25–35) 25 (23–30) 24 (21–25) 0.0042 5.5 × 10–9 0.0002

Biomarker of Coll2 degradation

uC2C/Crea 914 (623–1179) 947 (756–1311) 840 (640–1069) 0.012 0.54 0.014

The Knee Injury and Osteoarthritis Outcome Score (KOOS) subscales: symptoms (KOOSsymp), pain (KOO-
Spain), activities of daily living (KOOSadl), sport and recreation (KOOSsp/recr), and knee-related quality of
life (KOOSqol). SF–36 subscales: physical functioning (PF); role limitations due to physical health (RP); role
limitations due to emotional problems (RE); energy/fatigue (VT); emotional wellbeing (MH); social functioning
(SF); bodily pain (BP); general health (GH). Lower limbs performance tests: Timed Up and Go test (TUG); 30 s
chair stand test (30sCST); 30 m fast–paced walk test (30mFPWT); the original chair test (Test-Chair).
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These knee problems added up to a serious decline in the quality-of-life subscale
(median score: 15% of maximum). SF-36 results also demonstrated a serious decline
in quality-of-life aspects before the operation (Table 2). Pain and physical functioning
subscales (SF36RP, SF36PF, and SF36BP) were the most affected (median score < 25). At
the same time, the mental and general health subscales of SF-36 had relatively high values
(median scores of 40 for SF36MH and 55 for SF36GH). It should be noted that large
intragroup variability in terms of emotional problems (SF36RE) and social functioning
(SF36SF) was demonstrated (Figure A2).

In addition to subjective complaints, we also assessed the objective function of the
lower limbs in the preoperative period (Table 2). We demonstrated that walking speed
assessed by 30mFPWT dropped in the majority of kOA patients (less than 1.3 m/s in 78%
of patients). Almost the same proportion of patients demonstrated problems with getting
up from a chair (TUG > 10 s in 76%; 30sCST < 10 times in 83%).

3.2. uC2C Levels in the pre-TKR Period and Biomarker Associations with Clinical and
Radiographic Parameters

We demonstrated that the uC2C level was statistically significantly higher in females
compared to males (p = 0.0039, Wilcoxon test) in the preoperative period. Moreover, a
gradual increase in uC2C level was associated with the radiographic severity of kOA
(Table A2), but this was demonstrated only in females (p = 0.016 for NS2 vs. NS3; Figure 2).
In males, uC2C seemed unrelated to the radiographic progression of end-stage kOA.
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riod in (A) the whole group, (B) males, and (C) females (boxplot with 10th–90th percentiles, Wilcoxon
paired test). KL—grades of radiographic knee osteoarthritis by the Kellgren–Lawrence scoring
system; NS—the highest grade of knee OA changes in two knee joint compartments (tibiofemoral
and/or patella–femoral joints) by the Nottingham system (NSy).

Evaluation of the associations between uC2C levels and subjective complaints demon-
strated that higher levels of uC2C were weakly correlated with the increase in knee VAS
pain. The correlation was clearly seen in the whole group (Spearman’s rho = −0.31,
p = 0.006, for KOOSpain) and in males (Spearman’s rho = −0.33, p = 0.04), but absent
in females (Table A3). Moreover, higher levels of uC2C were weakly correlated with
lower social functioning (SF36SF) in females only (Spearman’s rho = −0.38, p = 0.02, for
females). However, we demonstrated no correlation between functional tests and uC2C
concentration.

Notably, we demonstrated no association between uC2C and the summary pain scores
of other joints (sumVAS pain) or the status of previous TKR of the opposite knee. However,
we demonstrated a tendency of higher uC2C in females with bilateral kOA compared to
unilateral cases (Figure A3).

3.3. The Dynamics of uC2C Levels after TKR

A change in uC2C concentration over 12 months was shown in Figure 3. Although the
median value of uC2C was significantly increased for three months after the TKR compared
to the preoperative value (p = 0.012, Wilcoxon paired test; Table 2), the median uC2C fell to
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the preoperative level after 12 months. This dynamic applied to men, whereas in females
the uC2C was lower a year after surgery compared to preoperative levels (Figure 3).
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Figure 3. The dynamics of uC2C before and 3 or 12 months after TKR in (A) the whole group,
(B) males, and (C) females (boxplot with 10th–90th percentiles, Wilcoxon paired test).

The individual dynamics of uC2C over the course of the year ranged from an 87%
decrease to a 120% increase in uC2C levels (Figure 4). We also found that the significant
(20%) increase in post-TKR concentration of uC2C was obvious in patients with lower
baseline (preoperative) levels of uC2C (16 out of the first 30 ranked cases). Conversely, we
found a remarkable number of cases (12 out of the last 29 ranked cases) with a significant
decrease in the post-TKR period among those with a higher baseline value of uC2C.
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Figure 4. The individual dynamics of uC2C values (pre-TKR and 12 months after TKR) ranked by
baseline uC2C value.

Taking a 20% change in the biomarker as the basis for grouping, we demonstrated
that 28% of patients (17 out of 60) were “descenders”, 32% were “ascenders” (19 out of 60),
and the remaining 40% belonged to the “stable” group. We demonstrated a statistically
significant difference between the uC2C values of “ascenders” and “descenders” both
pre-TKR and 12 months after TKR (p = 0.00022 and p = 0.021, respectively, Wilcoxon test;
Figure 5). We found the same statistically significant difference between “ascenders” and
“descenders” in males (p = 0.019 for pre-TKR and p = 0.035 for one year post-TKR, Wilcoxon
test; Figure 5C), but not in females (p = 0.10 for pre-TKR and p = 0.053 for one year post-TKR,
Wilcoxon test; Figure 5B). However, the subgroups did not differ in uC2C levels at the
three-month postoperative timepoint.
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In summary, although the median value of uC2C a year after the TKR was similar
to the preoperative value, a variety of individual changes existed. The excretion of uC2C
could decrease, increase, or remain constant. A higher baseline value of C2C implied a
tendency to diminish as a result of TKR.

3.4. Association of UC2C Levels with Improvement of Subjective and Objective Limitations in the
Postoperative Period
3.4.1. KOOS

We demonstrated significant improvements in all KOOS subscales one year after TKR
in comparison with pre-TKR (p < 0.0001, Wilcoxon paired test; Figure 1). However, none of
the scores of any subscale rose to the level of 85 (healthy). The limitations on the use of knee
joints were more pronounced in more demanding activities such as squatting, kneeling,
running, jumping, and twisting, as expressed by the function in sport and recreation
subscale (Table 2).

To evaluate the substantial clinical benefit (SCB) change in KOOS, defined as changing
by more than ±20 units, we divided patients into SCB subgroups: worsening, no change, or
improvement (Table 3). We demonstrated that clinically significant worsening of KOOS was
very rare (only one patient in our study). Approximately two-thirds of patients reported
clinically significant improvements in the pain and the function in daily living subscales
(70% vs. 30% and 65% vs. 35%, respectively; Table 3). However, improvement in the KOOS
sp/recr subscale was in the minority compared to the no change subgroup (36% vs. 64%).

Table 3. Substantial clinical benefit (SCB) in Knee Injury and Osteoarthritis Outcome Score (KOOS)
subscales at 12-month follow-up after total knee replacement.

Clinically Important
KOOS Change *

Substantial Worsening,
n (%)

No Change,
n (%)

Substantial Improvement,
n (%) Total **

KOOSsymp 1 (1%) 30 (42%) 40 (56%) 71

KOOSpain 0 (0%) 21 (30%) 49 (70%) 70

KOOSadl 0 (0%) 25 (35%) 46 (65%) 71

KOOSsp/recr 0 (0%) 46 (65%) 25 (35%) 71

KOOSqol 1 (1%) 32 (46%) 37 (56%) 70

Abbreviation: n—numbers; * Changes of more than ±20 units were counted as SCB; **: number change due to
missing data. The Knee Injury and Osteoarthritis Outcome Score (KOOS) subscales: symptoms (KOOSsymp),
pain (KOOSpain), activities of daily living (KOOSadl), sport and recreation (KOOSsp/recr), and knee-related
quality of life (KOOSqol).

We demonstrated that the baseline (preoperative) uC2C level was statistically signif-
icantly higher in the improvement subgroup of KOOSsymp compared to the no change
subgroup of the same subscale (Table 4; p = 0.01, Wilcoxon test). We found no statistically
significant differences in uC2C levels in the SCB subgroups of other KOOS subscales.
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Table 4. Comparison of preoperative uC2C between SCB subgroups of KOOS subscales.

KOOS Subscale
Substantial Improvement Group * No Change Group p-Value (between

Groups) **n uC2C ***, ng/mmol n uC2C ***, ng/mmol

KOOSsymp 38 1016.9 (782.8–1204.9) 29 718.8 (570.5–899.7) 0.01

KOOSpain 46 935.8 (637.7–1178.9) 21 752.7 (703.1–1315.5) 0.94

KOOSadl 44 974.0 (626.3–1216.2) 24 731.9 (668.7–978.0) 0.16

KOOSsp/recr 25 917.3 (608.8–1203.5) 44 923.6 (687.9–1178.7) 0.70

KOOSqol 36 956.3 (626.3–1216.2) 30 839.6 (685.4–1132.0) 0.55

Abbreviation: n—numbers; * KOOS changes of more than 20 units between the 12-month postoperative and
preoperative periods were counted as SCB (substantial clinical benefit); **: Mann–Whitney test; ***: Median value
(1st–3rd quantiles) of uC2C. KOOS subscales: symptoms (KOOSsymp), pain (KOOSpain), activities of daily living
(KOOSadl), sport and recreation (KOOSsp/recr), and knee-related quality of life (KOOSqol).

Using GLM models, we demonstrated that preoperative uC2C levels predicted clin-
ically significant improvement in KOOSsymp in the whole group (OR = 2.79; CI 95%
1.19–6.53; Table A4), as well as in females (OR = 8.56; CI 95% 1.42–51.59). The predictive
value of uC2C was missing in males. Moreover, we found no associations between uC2C
and other KOOS subscales. We demonstrated that adjusting the model of KOOSsymp for
well-known confounders (e.g., age, sex, and BMI) removed the statistical significance of the
model for the whole group; however, it was still significant for females (adjusted OR = 9.43;
CI 95% 1.19–74.73).

3.4.2. SF-36

We demonstrated significant improvements in physical and social functioning as well
as in role limitations due to emotional problems as the result of TKR (p < 0.05 for SF36PF,
SF36RP, SF36RE, and SF36SF, Wilcoxon paired test; Table 2). However, SF36RP remained
relatively low (median 0) even one year after the operation. Moreover, several SF-36 sub-
scales associated with emotional wellbeing, vitality, or pain (i.e., SF36VT, SF36MH, SF36BP)
did not improve after TKR. It should be noted that the patients’ subjective assessment of
their quality of life did not improve either.

We demonstrated that the dynamic of uC2C (pre-TKR vs. one year post-TKR) was
weakly correlated with the changes in body pain (Spearman’s rho = 0.29, p = 0.025, for
SF36BP), social functioning (Spearman’s rho = 0.30, p = 0.021, for SF36SF), and limitations
due to emotional problems (Spearman’s rho = 0.29, p = 0.030, for SF36RE).

3.4.3. Lower Limb Performance Tests

We demonstrated significant improvement in only 30mFPWT 3 months after TKR;
however, after 12 months, all functional tests demonstrated a statistically significant im-
provement (Table 2). A decrease in uC2C levels at 12 months compared to the pre-TKR
levels was weakly correlated with an improved ability to rise from the lower chair (Spear-
man’s rho = 0.27, p = 0.038). The results of the other functional tests did not correlate with
changes in uC2C levels.

4. Discussion

The present study is the first to present the dynamics of uC2C levels in subjects in pre-
and post-TKR periods. Surprisingly, the uC2C level of the whole group rose three months
after TKR, and then reverted to the baseline level. Unlike in men, there was a significant
decrease in uC2C levels in women one year after TKR. Interestingly, the postoperative
levels of uC2C remained higher than levels in subjects without kOA (in the long-term
control group) or with early kOA [20,40].

The behavior of biomarkers after TKR has been studied relatively little—probably due
to the understanding that the operation is the “end stage” of the OA. To our knowledge, four
similar studies of the dynamics of cartilage biomarkers in serum (keratan sulfate, cartilage
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oligomeric matrix protein (COMP), and Coll2-derived fragments (Coll2–1 and Coll2–1NO2))
have been performed in subjects with TKR [10,26–28]. The first study found that, after
a short preliminary decrease one week after TKR, keratan sulfate levels subsequently
increased to be similar to preoperative levels after six months [26]. The second longitudinal
study (Sharif et al.) demonstrated a substantial rise in serum COMP levels after TKR in
all patients, persisting for up to 12 months following surgery [10]. Recently, Endres et al.
showed a short reduction in COMP levels a week after total hip replacement, after which
its levels returned to the preoperative baseline [28]. These results were unexpected for
researchers at both centers, as a decrease in COMP levels was expected; they were forced to
consider the possibility that COMP could originate from sources other than the operated
joint alone. The first group assumed that there might be an increased production or
degradation of COMP in the contralateral knee joint, or an increased release of COMP from
other tissues—such as ligaments, tendons, and capsules—of the TKR joint. The researchers
in the second group attributed the results to changes in physical activity: patients with
relieved pain were much more mobile than before TKR. Compared to COMP, uC2C is a
more specific marker of certain pathogenetic processes of kOA—especially the degradation
of Coll2.

It should be noted that the reference values of the OA biomarkers were almost com-
pletely absent in published papers. Only Kraus et al. set up the references for several OA
biomarkers, including uC2C–HUSA [41]. In the present study, almost all TKR patients had
uC2C levels > 300 ng/mmol (only one patient had lower uC2C at baseline). Kraus et al.
found no differences between the reference values of different sexes. Given the very high
prevalence of OA with aging, lack of OA phenotyping could result in a reference “normal”
population that can cause still-unsuitable reference values for the population—especially
for older age groups.

Similarly, investigation of Coll2-derived fragments demonstrated that the pathogenic
metabolism of Coll2 persisted after TKR [27]. Interestingly, in patients with preopera-
tive values above the median, the biomarker of oxidative damage—Coll2–1NO2 levels—
significantly and progressively decreased postoperatively, but tended to increase in patients
with preoperative Coll2–1NO2 values below the median. Our results are consistent with
the results of Deberg et al.: abnormal type II collagen degradation in the knee had a major
influence on high preoperative Coll2–1 levels. It was proposed that the sustained level
of Coll2 degradation markers after TKR was caused by persistent Coll2 degradation in
different structures of a single joint, although the presence of OA lesions in other joints
cannot be excluded. The opposite knee could be considered the most likely secondary
source. We demonstrated a quite common involvement of both knees (in a quarter of
cases); however, we found no associations between uC2C levels and previous history of
TKR. Moreover, we were not able to prove an association between uC2C and the summary
pain score of other joints. Of course, a more detailed investigation—not just of pain—is
needed in order to measure the total body burden of OA [42]. Moreover, several authors
have demonstrated that a rather large proportion of kOA patients may have a generalized
joint disease [43,44].

However, we found that the individual dynamics of uC2C levels were rather hetero-
geneous: some patients had an increase, while others had a decrease. Interestingly, we
demonstrated that the preoperative uC2C values could predict the postoperative status:
if the preoperative value was low, this meant that Coll2 degradation had become more
intense, and the reverse was true for high preoperative values. This finding was widely
observed in females. The sex-related differences in the course of OA—and probably in its
pathogenesis—should be emphasized, as they are often overlooked by researchers [45–49].
We have previously found that higher uC2C levels—especially in women—could predict
further kOA progression [40].

Notably, the uC2C levels of the rapidly progressive study group in the present study,
with gOA grade 3 according to the Nottingham system, were markedly higher compared
to the uC2C levels of the same disease severity group for our middle-aged population
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cohort [40]. Thus, high levels of uC2C could help us to estimate the structural status of
the knee in the preoperative period. However, we must not forget that one of the factors
influencing uC2C levels is the severity of kOA, as assessed by X–ray [30,50].

Improvement in quality of life and knee function is common after TKR. We found
that preoperative uC2C levels could predict the improvement of the KOOS symptoms
score, but only in females. At the same time, the KOOS pain score was correlated with the
uC2C value in men during the preoperative period. There is no good explanation for the
contradiction between associations of uC2C with pain and other kOA symptoms, but they
probably show different aspects of the disease. A possible explanation is that the pain in OA
is recognized to be multifactorial [51,52], and may arise from multiple different structural
changes [53,54]. Furthermore, obvious associations between increased levels of hs-CRP
and greater kOA pain were observed among women, but not men [48,55]. Surprisingly, we
did not demonstrate a correlation between the knee-function tests and uC2C levels; this
needs more detailed study in the future.

This study has several limitations. First, our study group was small in number,
although sufficient to allow a general assessment of uC2C behavior in TKR surgical patients
in the initial study. In the case of a larger cohort, additional relationships are likely to
emerge, e.g., a larger cohort is needed for the evaluation of sex-related differences in the
pathogenesis of kOA. Second, we did not measure the synthesis of Coll2; therefore, we
could not evaluate the balance between the synthesis and degradation of Coll2. Third, one
year may be too short a period to evaluate far-reaching changes in OA biomarkers after TKR.
Fourth, although we assessed other joints’ pain via sumVAS, a radiographic evaluation
was not performed. Moreover, the X-ray method used for assessment of tibiofemoral joints
was not a standardized method for kOA.

Despite these limitations, our study has several strengths. First, this is the first uC2C
study in patients undergoing TKR surgery. Second, the cohort consisted of middle-aged
people (mean age < 60 years), who could therefore generally be classified as rapidly
progressive cases of kOA. Third, the study group included both men and women of the
same age, allowing us to explain that the correlations we discovered were predominantly
seen in female patients. While the majority of authors have studied patients of both
sexes together, or only females, significant gender-related differences in OA have been
overlooked. Fourth, we evaluated different aspects of quality of life after TKR: subjective
assessment by different questionnaires (i.e., KOOS, SF-36), and objective status of knees by
functional performance tests.

Summarizing these few studies on changes in biomarkers after TKR surgery, both our
study and others show that when patients are viewed as a group, the biomarker levels
(e.g., COMP, Coll2–1NO2, uC2C) do not decrease. Thus, in general, TKR does not stop the
breakdown of collagen II and possible synovitis (as reflected by COMP levels). However,
individual analysis of our results revealed that those patients with high pre-TRK secretion
of uC2C achieved a significant reduction. It seems that such a phenomenon—as also
described by Deberg et al. (2008) [22] for Coll2–1NO2—is worthy of further investigation. If
this phenomenon is confirmed, there may be an opportunity for a close grouping of patients
undergoing TRK surgery. The same trend was observed for changes in the KOOSsymp
scale after surgery in women (OR > 9). The possibility of a more precise categorization of
patients became apparent here.

Here, it should be emphasized that, KOOS, SF-36, and lower extremity performance
tests demonstrated only partial improvement of patients 12 months after TKR. This was par-
ticularly evident in terms of the restrictions on the use of the lower limbs for more demand-
ing functions. Thus, a large proportion of these patients require continued rehabilitation—
especially exercise therapy—12 months after surgery.

Furthermore, it should be added that uC2C levels are also affected by other factors—in
the present context, by radiological changes in the joints and their progression.
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5. Conclusions

uC2C excretion was high in most of the patients before TKR surgery. We found that
TKR does not stop the degradation of Coll2 in tissues in the majority of cases, which
is supported by a rather heterogenic dynamic of the marker uC2C in the postoperative
period. Partial improvements in quality of life and knee function are common after TKR.
These changes are sex- and person-specific, and are multidirectional. The preoperative
uC2C level could predict improvement in the KOOS symptoms score, but only in females;
uC2C levels were significantly higher in patients with advanced radiological changes, and
particularly in women. Obvious trends were observed in that higher preoperative uC2C
levels decreased postoperatively, and vice versa. Therefore, uC2C could be considered a
prospective pre- and postoperative biomarker for the characterization of the pathogenic
process and treatment of kOA in the future. Moreover, continuous and probably systemic
pathogenic processes of OA after TKR could be hypothesized in rapidly progressive cases.
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Table A1. Distribution of radiographic grades of kOA evaluated by two different systems: KL
and NSy.

Radiographic kOA Grades gOA

KL Grade 2 Grade 3

Grade 2 3 1

Grade 3 11 28

Grade 4 2 41
KL—the severity grade of knee OA assessed by the Kellgren–Lawrence system; gOA—the highest grade of
knee OA changes in two knee joint compartments (tibiofemoral and/or patellofemoral joints) assessed by the
Nottingham system (NSy).

Table A2. The associations between radiographic findings and uC2C levels or clinical parameters.

Kellgren/Lawrence Scoring System Nottingham Scoring System

Parameter Median (1st–3rd Quantiles) p-Value of
Kruskal

Test

p-Value of
Wilcoxon

Test 3 vs. 4

Median (1st–3rd Quantiles) p-Value of
Wilcoxon

TestGrade 2 Grade 3 Grade 4 Grade 2 Grade 3

uC2C/Crea,
ng/mmol

610
(526–747)

753
(627–986)

1062
(677–1301) 0.054 0.047 732 (635–967) 934

(623–1179) 0.27

KOOSsymp 44 (39–50) 26 (17–40) 29 (21–40) 0.20 0.57 30 (22–46) 29 (17–40) 0.30

KOOSpain 46 (38–50) 34 (25–44) 33 (27–42) 0.37 0.95 40 (31–47) 33 (24–42) 0.09

KOOSadl 39 (33–44) 35 (29–44) 38 (28–45) 0.79 0.53 36 (31–43) 35 (28–44) 0.81

KOOSsp/recr 0 (0–1) 0 (0–0) 0 (0–4) 0.24 0.10 0 (0–0) 0 (0–4) 0.18

KOOSqol 20 (13–30) 15 (5–20) 15 (5–20) 0.57 0.78 18 (5–25) 15 (5–20) 0.61

The Knee Injury and Osteoarthritis Outcome Score (KOOS) subscales: symptoms (KOOSsymp), pain (KOO-
Spain), activities of daily living (KOOSadl), sport and recreation (KOOSsp/recr), and knee-related quality of
life (KOOSqol).
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Table A3. Correlations between uC2C and results of subjective complaints or objective functional
tests before TKR.

KOOS Subscales Whole Group Females Males

Spearman’s Rho p-Value Spearman’s Rho p-Value Spearman’s Rho p-Value

KOOSsymp –0.13 0.25 –0.23 0.15 0.07 0.66

KOOSpain –0.31 0.006 –0.20 0.21 –0.33 0.04

KOOSadl –0.20 0.08 –0.12 0.45 –0.20 0.22

KOOSsp/recr –0.11 0.32 –0.03 0.87 –0.14 0.40

KOOSqol –0.10 0.37 –0.06 0.72 –0.05 0.77

SF36PF –0.13 0.26 –0.24 0.14 –0.02 0.91

SF36RP 0.08 0.49 –0.14 0.40 0.22 0.17

SF36RE –0.16 0.16 –0.24 0.14 –0.05 0.76

SF36VT –0.23 0.05 –0.22 0.19 –0.16 0.31

SF36MH –0.12 0.28 0.11 0.50 –0.24 0.13

SF36SF –0.24 0.03 –0.38 0.02 –0.08 0.64

SF36BP –0.18 0.11 0.18 0.28 –0.12 0.45

SF36GH 0.02 0.85 0.12 0.46 0.01 0.95

TUG 0.16 0.17 0.16 0.32 0.10 0.54

Test-Chair –0.20 0.07 –0.18 0.27 –0.13 0.43

30sCST –0.10 0.44 –0.08 0.65 0.07 0.73

30mFPWT 0.12 0.30 0.14 0.40 –0.01 0.94

The Knee Injury and Osteoarthritis Outcome Score (KOOS) subscales: symptoms (KOOSsymp), pain (KOO-
Spain), activities of daily living (KOOSadl), sport and recreation (KOOSsp/recr), and knee-related quality of life
(KOOSqol); 36-Item Short-Form Survey (SF–36) subscales: physical functioning (SF36PF), role limitations caused
by physical health problems (SF36RP), role limitations caused by personal or emotional health (SF36RE), vitality
(SF36VT), general mental health (SF36MH), social functioning (SF36SF), bodily pain (SF36BP), general health
(SF36GH). Functional tests: Timed Up and Go test (TUG); 30 s chair stand test (30sCST); 30 m fast-paced walk test
(30mFPWT); the original chair test (Test-Chair).

Table A4. The prediction of improvement in different KOOS subscales by preoperative uC2C values
(generalized linear models (GLMs)).

KOOS
Subscales

Models: Improvement Group * (ImpG) versus No Change Group (NCG)

Independent
Variables in
the Model

All Subjects Males Females

n
(ImpG/
NCG)

OR (CI 95%)
n

(ImpG/
NCG)

OR (CI 95%)
n

(ImpG/
NCG)

OR (CI 95%)

KOOSsymp

log2(C2C)

38/29

2.79 (1.19–6.53) **

14/19

1.15 (0.39–3.37)

24/10

8.56 (1.42–51.59) **

log2(C2C)
Age
BMI
Sex

1.99 (0.78–5.04)
1.06 (0.93–1.20)
0.99 (0.87–1.14)
2.47 (0.80–7.66)

1.35 (0.40–4.48)
1.01 (0.86–1.18)
1.08 (0.88–1.33)

–

9.43 (1.19–74.73) **
1.13 (0.88–1.44)
0.80 (0.62–1.04)

–

KOOSpain

log2(C2C)

46/21

0.99 (0.44–2.22)

22/11

0.81 (0.27–2.46)

24/10

1.17 (0.3–4.49)

log2(C2C)
Age
BMI
Sex

0.94 (0.38–2.34)
0.95 (0.83–1.07)
0.86 (0.74–1.00)
1.87 (0.54–6.52)

0.52 (0.14–2.02)
0.92 (0.77–1.11)
0.78 (0.60–1.01)

–

1.23 (0.26–5.81)
0.95 (0.79–1.16)
1.01 (0.82–1.24)

–

KOOSadl

log2(C2C)

44/24

1.58 (0.72–3.48)

21/13

0.97 (0.34–2.79)

23/11

3.46 (0.8–14.98)

log2(C2C)
Age
BMI
Sex

1.35 (0.56–3.25)
1.06 (0.94–1.19)
0.99 (0.87–1.13)
1.10 (0.36–3.39)

0.62 (0.18–2.15)
1.08 (0.92–1.26)
0.86 (0.70–1.07)

–

3.03 (0.60–15.3)
1.02 (0.85–1.23)
1.05 (0.87–1.28)

–
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Table A4. Cont.

KOOS
Subscales

Models: Improvement Group * (ImpG) versus No Change Group (NCG)

Independent
Variables in
the Model

All Subjects Males Females

n
(ImpG/
NCG)

OR (CI 95%)
n

(ImpG/
NCG)

OR (CI 95%)
n

(ImpG/
NCG)

OR (CI 95%)

KOOSsp/
recr

log2(C2C)

25/44

0.81 (0.38–1.76)

17/18

1.09 (0.39–3.04)

8/26

1.09 (0.26–4.66)

log2(C2C)
Age
BMI
Sex

1.27 (0.52–3.10)
0.94 (0.83–1.06)
1.02 (0.89–1.16)

0.30 (0.09–0.94) **

1.33 (0.42–4.24)
0.93 (0.80–1.08)
1.03 (0.85–1.23)

–

1.23 (0.26–5.81)
0.95 (0.79–1.16)
1.01 (0.82–1.24)

–

KOOSqol

log2(C2C)

36/30

1.23 (0.58–2.60)

14/18

0.85 (0.29–2.44)

22/12

1.19 (0.33–4.3)

log2(C2C)
Age
BMI
Sex

0.81 (0.33–1.99)
1.10 (0.97–1.24)
1.08 (0.95–1.24)
2.05 (0.67–6.31)

0.85 (0.26–2.77)
1.05 (0.90–1.23)
1.05 (0.86–1.2)

–

0.63 (0.14–2.90)
1.17 (0.97–1.42)
1.12 (0.92–1.36)

–

Abbreviations: KOOS subscales: symptoms (KOOSsymp), pain (KOOSpain), activities of daily living (KOOSadl),
sport and recreation (KOOSsp/recr), and knee-related quality of life (KOOSqol); n—numbers OR—odds ratio (of
double the increase in uC2C), CI—confidence interval; BMI—body mass index; *: KOOS changes of more than
20 units between the 12-months postoperative and preoperative periods were counted as SCB (substantial clinical
benefit); ** p < 0.05.
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