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Abstract

Background: Threshold to detect passive motion (TTDPM) tests of the knee joint are commonly implemented
among individuals with anterior cruciate ligament (ACL) injury to assess proprioceptive acuity. Their psychometric
properties (PMPs), i.e. reliability, validity and responsiveness, are however unclear. This systematic review aimed to
establish the PMPs of existing knee joint TTDPM tests among individuals with ACL injury.

Methods: The databases PubMed, AMED, CINAHL, SPORTDiscus, Web of Science, Scopus, CENTRAL and ProQuest
were searched to identify studies that assessed the properties of knee joint TTDPM tests in individuals with ACL injury.
The risk of bias for each included study was assessed at the outcome level for each test. Overall quality and levels of
evidence for each property were rated according to established criteria. Meta-analyses with mean differences were
conducted using random-effects models when adequate data were available.

Results: Fifty-one studies covering 108 TTDPM tests and 1632 individuals with unilateral ACL injury were included. A
moderate-to-strong level of evidence indicated insufficient quality for all of the following: convergent validity, known-
groups validity, discriminative validity, responsiveness between subgroups, and responsiveness to intervention. Sub-
group meta-analyses for known-groups validity did however find that a starting angle of 15° resulted in significantly
worse TTDPM for knees with ACL injury compared to those of asymptomatic persons (mean difference 0.28° 95% Cl
0.03t0 0.53; P=0.03), albeit based on only three studies. Due to the lack of evidence, it was not possible to estimate
the quality of reliability, measurement error, and criterion validity, nor responsiveness from a criterion and construct
approach.

Conclusions: Among persons with ACL injury, existing tests of knee joint TTDPM lack either sufficient quality or
evidence for their reliability, validity and responsiveness. Significantly worse thresholds for ACL-injured knees com-
pared to those of asymptomatic controls from a 15° starting angle and trends towards significance for some validity
measures nevertheless encourage the development of standardised tests. Further research investigating the influence
of modifiable test components (e.g. starting angle and motion direction) on the PMPs of knee joint TTDPM tests fol-
lowing ACL injury is warranted.
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Background

Rupture of the anterior cruciate ligament (ACL) is
believed to cause alterations to proprioceptive acuity
at the knee joint due to damage and loss of its recep-
tors [1]. Afferent information from these receptors
is ordinarily received and interpreted by the brain
for an understanding of the applied forces, position
and movement at the knee joint [2]. These differ-
ent proprioceptive senses are subsequently assessed
separately using common tests [3]. One common test
used to assess sensibility to movement is threshold to
detect passive motion (TTDPM). A typical TTDPM
test involves a blindfolded individual indicating when
they first detect passive motion at the joint. The out-
come variable is most often the degrees that the joint
has moved or alternatively the time that has elapsed
before the participant signals the detection of motion.
An additional dichotomous outcome is the indication
of motion direction, e.g. flexion or extension. Previ-
ous meta-analyses have found significantly poorer
TTDPM for knees with ACL injury compared to those
of asymptomatic controls [4] (known-groups validity)
and the contralateral non-injured side [4, 5] (operation-
ally defined as discriminative validity). However, the
respective authors included some participants in the
same meta-analyses multiple times due to them per-
forming multiple test setups in the same studies, poten-
tially confounding the results. The reliability of the
included tests was also not reported despite its impor-
tance regarding the consistency of the results. A review
of the responsiveness of TTDPM tests at the knee after
ACL injury is also entirely lacking.

A standardised TTDPM test with established PMPs
would facilitate the assessment of knee propriocep-
tion among those with ACL injury to potentially iden-
tify individuals with such deficits. Identification could
subsequently lead to targeted interventions to improve
rehabilitation outcomes and potentially reduce the
reported 30 to 40 times higher risk of secondary ACL
injury [6] and 4 to 6 times higher odds of developing
knee osteoarthritis [7]. A comprehensive and up-to-
date consolidation of the existing literature regarding
the PMPs of TTDPM tests could thus guide research-
ers and clinicians in the implementation and/or devel-
opment of such tests. The current article forms part
of a review series synthesising the PMPs of knee pro-
prioception tests among individuals with ACL injury
and asymptomatic persons [8]. The aim of this review
was to assimilate the level of evidence for and quality

of knee joint TTDPM tests among persons with ACL
injury who have been treated with or without surgical
reconstruction. We hypothesised that in line with pre-
vious meta-analyses, knee joint TTDPM tests would
show sufficient known-groups and discriminative valid-
ity among individuals with ACL injury. We further
hypothesised that remaining PMPs would either show
insufficient quality or insufficient evidence to estimate
their quality.

Methods

In accordance with our published protocol [8], which
was registered in the International Prospective Register
of Systematic Reviews (PROSPERO; registration number
CRD42018108014), the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guide-
lines [9, 10] were used to conduct and report this review.

Eligibility criteria

Eligibility criteria for study inclusion and exclusion
are provided in Table 1. To summarize, studies had to
include participants > 10 years of age with ACL injury,
irrespective of treatment strategy, who had performed
at least one test of knee joint TTDPM. At least one PMP
(reliability, validity or responsiveness) relating to the out-
come measure(s) of the TTDPM test(s) must have been
investigated.

Search strategy and study selection

One researcher (AS) performed a systematic search, as
detailed in our published review protocol [8], in the fol-
lowing databases from their inception to 17 February
2021: PubMed; Allied and Complementary Medicine
(AMED via EBSCO); the Cumulative Index to Nursing
and Allied Health Literature ([CINAHL] via EBSCO);
SPORTDiscus (via EBSCO); Web of Science; Scopus; the
Cochrane Central Register of Controlled Trials (CEN-
TRAL); Physical Education Index (via ProQuest). An
additional search using relevant terms was performed in
Google Scholar.

Due to our search encompassing all tests of proprio-
ception as part of our review series, further details of
the study selection process are provided in our previ-
ous review [11]. Briefly, after removal of duplicates,
two authors (AS, ET) independently screened all titles,
abstracts and full texts of relevance according to the
stated eligibility criteria. References lists of the included
studies were also screened for any additional studies of
relevance.
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Table 1 Eligibility criteria for studies

Category

Details

Inclusion criteria
Participants
Construct
Equipment

Setting

Outcome measures

Study type

Aged > 10 years with anterior cruciate ligament injury managed with or without surgical reconstruction
At least one specific method of measuring knee joint threshold to detect passive motion

Any equipment that is capable of quantifying knee joint threshold to detect passive motion

The test can be performed in any setting including a laboratory or a clinic

Studies designed to investigate at least one of the following psychometric properties: reliability; measurement error; criterion
validity (concurrent or predictive); hypothesis testing (convergent, known-groups or discriminative validity), and responsiveness

(1) The primary or sole aim of investigating at least one psychometric property of a knee joint threshold to detect passive motion
test, (2) Reliability, validity or responsiveness reported as secondary or additional findings on the condition that sufficient details
are included to rate the methodological quality/risk of bias, (3) Studies which have included data separately for individuals with
anterior cruciate ligament injury, other lower-limb disorders and knee-healthy controls, (4) Peer-reviewed observational studies,

cross-sectional studies, randomised controlled clinical trials or quasi-experimental studies

Language English language only
Access
Exclusion criteria

Construct

Full text publications retrievable via electronic database or manual search

(1) Validation of self-reported knee function and/or physical activity levels without addressing specific knee joint threshold to

detect passive motion tests, and/or (2) Validation of proprioception-related function, such as knee joint position sense, not specifi-
cally assessing knee joint threshold to detect passive motion

Equipment
Outcome measures
Study type

Validation of measurement instruments not specifically designed to assess knee joint threshold to detect passive motion
Measures not addressing any psychometric properties of a knee joint threshold to detect passive motion
Pilot studies, abstracts, systematic reviews and meta-analyses, narrative reviews, book reviews, case series/reports, commentaries,

editorials, letters to the editor, patient education handouts, consensus statements, clinical practice guidelines, theses/dissertations

or unpublished literature

Data extraction and risk-of-bias assessment

Data required for risk of bias (RoB) assessment and anal-
ysis syntheses, e.g. testing procedures and results, were
extracted from all eligible studies independently by two
assigned research assistants (IA 50%, KO 50%) and veri-
fied by a second researcher (AS 50%, AA 50%). A third
researcher was available in case of disagreements (ET).
In cases of missing or inadequate data, contact was
made with the study author(s) requesting the necessary
information.

The COnsensus-based Standards for the selection
of health Measurement INstruments (COSMIN) RoB
checklist [12] was used to assess and rate the RoB of each
outcome measure of each study. Methodological qual-
ity was therefore rated according to a four-point scale
(“inadequate” (high risk of bias), “doubtful’; “adequate”
and “very good” (low risk of bias)). After removing all
outcome measures rated as “inadequate’, the follow-
ing PMPs were assessed at the outcome level: reliability,
measurement error, criterion (concurrent or predictive)
validity, hypothesis testing for construct validity (conver-
gent [comparison to other outcome measures], known-
groups validity [operationally defined as ACL-injured
knees compared to either asymptomatic knees of other
persons or ACL-injured knees of otherwise asympto-
matic individuals]), discriminative validity [operation-
ally defined as ACL-injured knees compared to the

contralateral asymptomatic knees of the same indi-
viduals], and responsiveness (criterion and construct
approach). Data were then extracted independently by an
assigned research assistant (IA 50%, KO 50%) and veri-
fied by a second researcher (AS 50%, AA 50%). A third
researcher (ET) was available in case of disagreements,
but all matters were resolved through consensus.

Within studies, TTDPM tests were considered inde-
pendent when results were presented separately and at
least one modifiable component, e.g. starting knee angle,
differed. When an ACL group underwent reconstructive
surgery during the study and measurements were per-
formed pre- and post-reconstruction, they were classified
as ACL-reconstructed (ACLR) rather than ACL-deficient
(ACLD). When participants were assessed at multiple
time points and assessed for known-groups validity or
discriminative validity, data for only the last test were
extracted.

Quality assessment of psychometric properties

To assess the quality of each PMP, we used crite-
ria adapted from Prinsen et al. [13] (Additional file 1:
Table S1). Briefly, possible ratings were “sufficient’, “inde-
terminate” or “insufficient’, depending on whether the
synthesised study outcomes were in agreement with the
threshold cut-off values of relevant statistical parame-

ters or hypotheses. For hypotheses testing for construct
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validity and responsiveness, ratings of “sufficient” and
“insufficient” required 75% of the findings to favour the
hypothesis (positive) or not favour the hypothesis (nega-
tive), respectively. If less than 75% of the findings were in
agreement, the quality of the PMP was rated as “indeter-
minate” due to the conflicting level of evidence. A qual-
ity rating of “not estimable” was given when there was an
unknown level of evidence, i.e. when a PMP was either
assessed only in studies with an RoB rating of “inade-
quate” or not investigated at all.

Level of evidence

To assess the level of evidence for each PMP, we used a
scale adapted by Kroman and colleagues [14] (Addi-
tional file 2: Table S2). Rating criteria were as follows:
strong—evaluated in multiple studies with an RoB rating
of adequate or at least one study with an RoB rating of
very good (i.e. a low RoB); moderate—evaluated in multi-
ple studies with an RoB rating of doubtful or at least one
study with an RoB rating of adequate; limited—evaluated
in one study with an RoB rating of doubtful; conflict-
ing—evaluated in studies with contradictory findings;
unknown—evaluated only in studies with and RoB rating
of inadequate or not investigated at all.

Meta-analysis

Meta-analyses were performed in the Review Manager
(RevMan) computer program (version 5.3. Copenhagen:
The Nordic Cochrane Centre, The Cochrane Collabo-
ration, 2014) when adequate (homogenous) data were
available from at least three studies with an RoB rating
of “doubtful’; “adequate” or “very good” When groups
from a study were included for multiple comparisons in
the same meta-analysis, their totals were divided by the
number of comparisons for which they were included to
better reflect their weighting on the findings, e.g. Nagai
(2013) reported results for their TTDPM test separately
for flexion and extension for the same ACL group of 22
individuals and thus the number of participants for the
two separate comparisons was halved to 11 each. A ran-
dom-effects model was applied due to differences in the
way the studies were conducted and to consider sampling
error [15]. The mean difference (MD) was used because
all relevant outcome measures were provided in the same
unit (degrees) [16]. When only median values with meas-
ures of dispersion were reported in the studies, means
and standard deviations were estimated based on the
method by Wan and colleagues [17]. Statistical heteroge-
neity was considered present if the I* statistic exceeded
40% [18]. Funnel plots to help identify for the presence of
publication bias were considered appropriate only when
at least ten studies were included in the meta-analysis
[19]. Subgroups were created within each meta-analysis
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according to ACLR or ACLD knees to investigate the
potential influence of treatment strategy. Sensitivity
analyses were performed for methodological quality and
test procedure by restricting the meta-analyses to stud-
ies with an RoB rating of “adequate” or “very good” and
specific starting knee angles, respectively. Statistical sig-
nificance was set at 2<0.05.

For known-groups validity, data pertaining to the
non-dominant leg of the control group were used for a
more stringent comparison to the ACL groups. In cases
when side dominance was not indicated, data for the left
leg of controls were extracted to increase the likelihood
of selecting the non-dominant leg. For responsiveness,
baseline data were compared only to data collected at the
final follow-up in the respective study.

Results

Search results

Full search results are illustrated in Fig. 1. Briefly, the sys-
tematic electronic database search identified 2978 studies
and a further 64 were retrieved via manual searches. Fol-
lowing duplicate removal, the titles and abstracts of 2528
studies were screened. The full texts of 463 of these stud-
ies were then screened for eligibility, and 51 studies were
subsequently included in this review.

Characteristics of the included studies

Characteristics of all included studies are detailed in
Additional file 3: Table S3. In summary, across the 51
studies, we identified 1632 participants with a unilateral
ACL injury from 75 different cohorts. Of these cohorts,
43 were ACLR and 32 were ACLD. Sex distribution was
reported for 70 (93%) of the ACL populations, of which
45% were females. The mean weighted age of the ACL
participants, based on 74 ACL populations for which
mean age was reported, was 27.9 years. A total of 108
different knee joint TTDPM tests were identified across
the 51 studies. The most common direction of motion
was towards extension (40 tests), followed by flexion (38
tests); a combination of extension and flexion was used in
28 studies and two studies did not report motion direc-
tion. The most common equipment used was a motor
pulley (18 studies), most common body position was
sitting (29 studies), and most common angular velocity
was 0.5°/s (28 studies). The most common starting knee
angles were 45° (30 tests), 15° (28 tests), 20° (21 tests) and
40° (19 tests) knee flexion; multiple angles were used for
20 tests.

Risk of bias assessment

Assessment of RoB was performed at the outcome
level rather than for each study as a whole to provide
a more accurate assessment of each PMP. For example,



Strong et al. Journal of Orthopaedic Surgery and Research

(2022) 17:134

Page 5 of 15

( c ] Records identified via Additional records identified
2 database search via other sources
§ (n =2978) (n=64)
=
E y v
Records after duplicates removed
I (n =2528)
——
\
s Records screened o Records excluded
- (n =2528) (n =2065)
’ ]
F I 412
PR T : ull text articles excluded (n = ). with reasons:
as:::st:;tfoarr::'?;my R Eligible only for other review article/s in this series (n = 297)
2 (n= 463)9 » Not published in journal or as dissertation/thesis (n = 23)
3 « Did not assess the knee (n= 18)
) | » No specific test of proprioception (n = 15)
o y + No statistical tests to analyse psychometric properties (n = 14)
Studies included + Article not written in English (n = 11)
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= Studies included in « Participants too young (< 10 years)(n = 2)
£ quantitative syntheses
(n =40)
| S
Fig. 1 PRISMA flow diagram illustrating the search process and results for studies involving TTDPM of the knee

across the PMPs of discriminative and known-groups
validity, one study [20] had investigated both proper-
ties but did not provide information regarding match-
ing of activity level between groups and thus the rating
was marked down for known-groups validity but not
for discriminative validity. Also, for convergent valid-
ity (i.e. the degree to which the outcomes are similar
to those of other outcome measures), three studies
[21-23] assessed correlations to other measurement
instruments which were considered reliable and valid
for the population of study, but also subjective function
for which evidence for these PMPs was lacking. Results
of the RoB assessment are provided in Additional file 4:
Table S4.

Assessment of quality and level of evidence of the included
studies

Reliability and measurement error

No studies evaluated reliability. One study [22] assessed
measurement error, but this received an RoB rating of
“inadequate”. The quality of reliability and measurement
error was therefore not estimable due to the unknown
level of evidence.

Criterion validity

No studies evaluated criterion validity, and thus, its
quality was not estimable due to the unknown level of
evidence.

Convergent validity

Convergent validity was assessed for 50 different outcome
measures across 20 studies (Additional file 5: Table S5).
Three studies [21-23] which assessed multiple outcomes
received RoB ratings of “doubtful” for each outcome with
the exception of subjective function which was rated
“inadequate” for each study. For the remaining 17 stud-
ies, the same RoB rating was given even when multiple
outcome measures were assessed and was “doubtful” for
11 [24—34] and “inadequate” for six [35-40] studies. The
most commonly assessed outcome measures were knee
joint laxity (six studies), single-leg hop distance, gender,
current Tegner activity scale score, and subjective evalua-
tion (all four studies each). Meta-analyses for the respec-
tive outcome measures were however not performed due
to either studies with an RoB rating of “inadequate” or a
lack of reported data. Of the outcome measures which
were assessed in three or more separate studies, none
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were significantly correlated in more than half of the
results. Therefore, based on an overall moderate level of
evidence, the convergent validity of TTDPM tests after
ACL injury was found to be insufficient.

Hypothesis testing

Known-groups validity

Known-groups validity was assessed in 96 group compar-
isons across 31 studies (Additional file 6: Table S6), two of
which received an RoB rating of “very good” [41, 42], two
“adequate” [26, 28], 12 “doubtful” [31, 33, 34, 38, 43-50]
and 15 “inadequate” [20, 28, 29, 36, 40, 51-60]. Results
from the related meta-analyses are presented henceforth.

ACL-injured knees versus asymptomatic controls A
meta-analysis which included 17 comparisons across
eight studies [26, 31, 38, 41-44, 46] found a near-sta-
tistically significant trend towards worse TTDPM for
knees with ACL injury compared with those of asymp-
tomatic controls (MD 0.18°% 95% CI 0.00 to 0.36; P=0.05;
P=77%) (Fig. 2). A sensitivity meta-analysis for method-
ological quality, which included four comparisons across
three studies [26, 41, 42], found no significant difference
between knees with ACL injury and those of asympto-
matic controls (MD 0.09°% 95% CI —0.33 to 0.50; P=0.67;
PP=94%) (Fig. 3). A sensitivity meta-analysis for starting
angle was possible only for 15°, for which seven compari-
sons across three studies [38, 42, 46] found significantly
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poorer TTDPM for knees with ACL injury compared to
those of asymptomatic controls (MD 0.28° 95% CI10.03 to
0.53; P=0.03; ’=56%) (Fig. 4).

ACLR knees versus asymptomatic controls Eight com-
parisons across five studies [26, 31, 38, 42, 46] were
included in a meta-analysis which found no significant
difference between knees (MD 0.16°% 95% CI —0.07 to
0.39; P=0.16; I’ =55%) (Fig. 5).

ACLD knees versus asymptomatic controls Nine com-
parisons across five studies [31, 38, 41, 43, 44] were
included in a meta-analysis which found no significant
difference between knees (MD 0.23°% 95% CI —0.03 to
0.50; P=0.09; I =83%) (Fig. 5).

Overall quality of known-groups validity and level of evi-
dence Strong evidence indicates insufficient quality for
known-groups validity across knee joint TTDPM tests
when including all studies and when only including those
in higher quality (low RoB) studies. Sufficient validity was
however found for those tests with a 15° starting angle,
albeit from only three studies.

Discriminative validity

Discriminative validity was assessed in 75 between-
leg comparisons across 30 studies (Additional file 7:
Table S7), two of which received an RoB rating of “very

ACL-injured knees Control group knees Mean Difference Mean Difference

Study or Subgroup Mean[°] SD[’] Total Mean[] SD[’] Total Weight IV,R 95% Cl IV, R 95% Cl

1.1.1 ACLR knees vs. Control group knees

Co (1993) 133 076 10 172 0.8 10 42%  -0.39(1.08,0.30)

Fischer-Rasmussen (2000) 143 052 18 128 061 10 6.7%  0.15[-0.30,0.60] —

Laboute (2019) (1 month)® 122 053 32 066 049 16 10.0%  0.56(0.35,0.77) —_—

Laboute (2019) (running)® 091 035 32 066 019 16 10.6%  0.25(0.10,0.40) —_—

Nagai (2013) (Ex)* 11 08 6 1.3 08 6 29% -0.20(1.11,0.71)

Nagai (2013) (Flex)® 08 05 6 1.2 11 6 26% -0.30[1.27,067)

Ozenci (2007) (allograf 096 027 20 1.03 091 7 42% -0.07[0.75 061)

Ozenci (2007) (autograf)b 101 016 20 1.03 091 7 43%  -0.02(-0.70,0.66) S S —

Subtotal (95% CI) 144 78 455%  0.16[-0.07,0.39] i

Heterogeneity: Tau®= 0.04; Chi*= 15.41, df= 7 (P = 0.03); F= 55%

Test for overall effect: Z=1.40 (P = 0.16)

1.1.2 ACLD knees vs. Control group knees

Arockiaraj (2013) (30°)° 144 03 13 097 0.2 13 101%  0.47(0.27,067) —_—

Arockiaraj (2013) (70°)° 08 02 13 07 oM 13 109%  0.20(0.08,0.32) —_

Fischer-Rasmussen (2000} 152 071 20 128 061 10 61% 024025073 —

Fonseca (2005) 088 014 11 113 019 11 10.8% -0.25[-0.39,-0.11) —_—

Fridén (1997) (20°, Ext)® 108 4 075 04 5 31%  025[061,1.11)

Fridén (1997) (20°, Flex)* 1 1.02 4 092 0.2 5 24%  0.08[0931.09]

Fridén (1997) (40°, Ex)® 108 1.02 4 0.83 06 5 20% 025(088 138

Fridén (1997) (40°, Flex)* 083 061 4 058 0.2 5 48%  025(037,087) —

Ozenci (2007) 193 042 20 103 091 7 41%  0.90(0.20,1.60)

Subtotal (95% CI) 93 74 545%  0.23[-0.03,0.50] +l

Heterogeneity: Tau®= 0.09; Chi*= 46.11, df= 8 (P < 0.00001); F= 83%

Test for overall effect: Z=1.71 (P = 0.09)

Total (95% Cl) 237 152 100.0%  0.18[0.00, 0.36] -

Heterogeneity: Tau?= 0.07; Chi*= 68.19, df= 16 (P < 0.00001); F=77% =1 -D=5 3 045 1%

Test for overall effect: Z=1.99 (P = 0.05) ! |

Testfor subaroup differences: Chi*= 0.15, df= 1 (P = 0.70), F= 0% Favours ACL-injured knees Favours CTRL group knees
Fig. 2 Forest plot of all studies included in the meta-analysis for known-groups validity. “Group numbers (i.e.“Total”) for both groups have been
divided by the number of times each group has been included in the meta-analysis. "Group number (i.e."Total") for the control group only has been
divided by the number of times the group has been included in the meta-analysis
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ACL-injured knees Control group knees Mean Difference Mean Difference
Study or Subgroup Mean[°] SD[°] Total Mean[°] SD[°] Total Weight IV,R 95% CI IV, R 95% CI
1.1.1 ACLR knees vs. Control group knees
Co (1993) 133 0.76 10 172 081 10 16.2%  -0.39[1.08,0.30]
Laboute (2018) (1 month)* 122 053 32 066 019 16 27.3%  0.56(0.35,077) —_—
Laboute (2018) {running)® 091 035 32 066 019 16 281%  0.25[0.10,040] —a—
Subtotal (95% Cl) 74 42 717%  0.27[-0.06,0.61] e E——
Heterogeneity: Tau®= 0.08; Chi*= 10.03, df= 2 (P = 0.007); F= 80%
Testfor overall effect: Z=1.58 (P=0.11)
1.1.2 ACLD knees vs. Control group knees
Fonseca (2005) 088 014 1 113 019 11 283% -0.25[-0.39,-0.11) —
Subtotal (95% Cl) 1 11 283% -0.25[-0.39,-0.11] i
Heterogeneity: Not applicable
Test for overall effect: Z= 3.51 (P = 0.0004)
Total (95% CI) 85 53 100.0%  0.09[-0.33, 0.50] -—-’—-
Heterogeneity: Tau*=0.15; Chi*= 48.91, df= 3 (P < 0.00001); F= 94% 11 El’ 5 é 0: 1#
Test for overall effect: Z=0.42 (P = 0.67) o o
Test for subaroup differences: Chi*= 7.87, df= 1 (P = 0.005), IF= 87.3% Favours ACL-injured knees Favours CTRL group knees
Fig. 3 Forest plot of only those studies with a risk of bias rating of “adequate” or “very good”included in the meta-analysis for known-groups validity.
aGroup number (i.e.“Total") for the control group only has been divided by the number of times the group has been included in the meta-analysis

ACL-injured knees Control group knees Mean Difference Mean Difference

Study or Subgroup Mean[°] SD[°] Total Mean[°] SD[°] Total Weight IV, 95% CI IV, R 95% CI

1.1.1 ACLR knees vs. Control group knees

Laboute (2018) (1 month)® 122 053 32 066 019 16 283%  0.56(0.35,077) ——

Laboute (2018) {running) 091 035 32 066 019 16 31.0%  0.25(0.10,0.40) —a—

Nagai (2013) (Ext)® 11 08 6 13 08 6 63% -020[1.11,0.71)

Nagai (2013) (Flex)® 09 05 [3 1.2 11 6 56% -0.30[1.27 067

Ozenci (2007) (allografi 0.96 027 20 103 091 7 97% -0.07[0.75 0.61]

Ozenci (2007) (autograf) 1.01 016 20 103 091 7 98% -0.02[-0.70,0.68]

Subtotal (95% Cl) 116 58 90.6%  0.23[-0.02,0.48] i

Heterogeneity: Tau®= 0.04; Chi*=11.08, df= 5 (P = 0.05); F= 55%

Testfor overall effect Z=1.80 (P = 0.07)

1.1.2 ACLD knees vs. Control group knees

Ozenci (2007)® 193 042 20 103 091 7 94%  0.90(0.20,1.60]

Subtotal (95% Cl) 20 7 94%  0.90[0.20, 1.60] | e T —

Heterogeneity: Not applicable

Test for overall effect Z=2.52 (P =0.01)

Total (95% CI) 136 65 100.0%  0.28[0.03,0.53] e

Heterogeneity: Tau?= 0.05; Chi*= 13.68, df= 6 (P = 0.03); F= 56% 51 05 5 B 055 11

Test for overall effect: Z= 2.21 (P = 0.03) F ACLini § dknees F CTRL Knee

Test for subaroun difierences: Chi*= 3.14, df=1 (P = 0.08), = 68.1% avours ACL-injured knees  Favours group knees
Fig. 4 Forest plot of the studies included in the main meta-analysis for known-groups validity which used 15° as the starting angle. *Group
numbers (i.e."Total") for both groups have been divided by the number of times each group has been included in the meta-analysis. °Group
number (i.e.“Total”) for the control group only has been divided by the number of times the group has been included in the meta-analysis

good” [41, 42], two “adequate” [26, 28], 12 “doubtful”
[20, 24, 31-33, 38, 44, 46, 48, 59, 61] and 14 “inad-
equate” [25, 34, 35, 39, 43, 51, 5458, 62—64]. Results
from the meta-analyses are presented henceforth.

ACL-injured versus contralateral non-injured knees A
meta-analysis which included 31 comparisons across 13
studies [20, 24, 26, 28, 31, 32, 37, 38, 41, 42, 44, 46, 59]
found poorer TTDPM for ACL-injured knees compared
to the contralateral non-injured knees close to statistical
significance (MD 0.05°% 95% CI — 0.00 to 0.11; P=0.05;
I?=0%) (Fig. 6). A funnel plot (Fig. 7) indicated potential
publication bias due to asymmetry. A sensitivity meta-
analysis for methodological quality, which included five
comparisons across four studies [26, 28, 41, 42], found
no significant difference between knees (MD 0.15°% 95%

CI —0.04 to 0.33; P=0.12; ’=66%) (Fig. 8). Subgroup
meta-analyses found no significant difference between
knees for starting angles of 15° (nine comparisons, four
studies [32, 38, 42, 46]: MD 0.03°; 95% CI — 0.07 to 0.12;
P=0.57; 2=30%), 20° (six comparisons, three studies
[31, 44, 59]: MD 0.12°%; 95% CI —0.06 to 0.31; P=0.19;
=3%), 40° (five comparisons, three studies [26, 44,
59]: MD 0.16°% 95% CI —0.05 to 0.37; P=0.14; I>=0%)
and 45° (ten comparisons, five studies [20, 24, 28, 32,
37]: MD 0.13% 95% CI — 0.08 to 0.35; P=0.22; I* =23%)
(Fig. 9).

ACLR versus contralateral non-injured knees Thirteen
comparisons across seven studies [26, 28, 31, 38, 42, 46,
59] were included in a meta-analysis which found no
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ACL-injured knees Control group knees Mean Difference Mean Difference

Study or Subgroup Mean[°] SD[°] Total Mean[°] SD[°] Total Weight IV,R 95% ClI v, 95% ClI

1.1.1 ACLR knees vs. Control group knees

Co (1993) 133 076 10 172 081 10 40% -0.38[-1.08,0.30]

Fischer-Rasmussen (2000) 143 052 18 128 0861 20 7.3% 0.15[-0.21,0.51) —

Laboute (2019) (1 month)® 122 053 32 066 019 186 93%  0.56[0.35,077)

Laboute (2019) (running)* 091 035 32 066 019 16 9.8% 0.25(0.10,0.40) ——

Nagai (2013) (Ext)° 11 08 6 13 08 6 28% -0.20[-1.11,0.71)

Nagai (2013) (Flex)* 09 05 6 12 T 6 25% -030[1.27,067)

Ozenci (2007) (allograf)y® 096 027 20 103 091 10 49% -0.07[-0.65,051)

Ozenci (2007) (autograf)* 101 016 20 103 091 10 50% -0.02[-0.59,0.55) e

Subtotal (95% CI) 144 94 457%  0.15[-0.07,0.37] e

Heterogeneity: Tau*= 0.04; Chi*=16.34, df= 7 (P = 0.02); F= 57%

Testfor overall effect Z=1.37 (P=0.17)

1.1.2 ACLD knees vs. Control group knees

Arockiaraj (2013) (30°) 144 03 13 097 02 13 94%  0.47[0.27,067) —

Arockiaraj (2013) (70%)° 03 02 13 07 011 13 101%  0.20(0.08,0.32) _—

Fischer-Rasmussen (2000) 152 071 20 128 061 20 67%  024[-017,0869) —

Fonseca (2005) 088 014 11 113 019 11 99% -0.25[-0.39,-0.11) —_—

Fridén (1997) (20°, EX)* 1 08 4 075 04 5 30% 025[061,1.11)

Fridén (1997) (20°, Flex® 1102 4 092 02 5 23% 008093109

Fridén (1997) (40°, ExX)* 108 1.02 4 083 06 5 20% 025[-0.88,1.38

Fridén (1997) (40°, Flex® 083 061 4 058 02 5 45% 0.25(-0.37,087)

Ozenci (2007) 193 042 20 103 091 20 64%  0.90[0.46,1.34]

Subtotal (95% CI) 93 97 54.3%  0.26[-0.01,0.53] e

Heterogeneity: Tau*= 0.11; Chi*= 53.63, df= 8 (P < 0.00001); F= 85%

Test for overall effect: Z=1.90 (P = 0.06)

Total (95% CI) 237 191 100.0%  0.19[0.02,0.37] B

Heterogeneity: Tau®= 0.08; Chi*= 74.92, df= 16 (P < 0.00001); F= 79% 3 = o5 3

Test for overall effect: Z=2.15 (P = 0.03) o

Test for subaroup differences: Chi*= 0.37, df= 1 (P = 0.55), F= 0% Favours ACL-injured knees Favours CTRL group knees
Fig.5 Forest plot of all studies included in the subgroup meta-analyses for known-groups validity. *“Group numbers (i.e.“Total”) for both groups
have been divided by the number of times each group has been included in the specific subgroup meta-analysis. "Group number (i.e.“Total") for
the control group only has been divided by the number of times the group has been included in the specific subgroup meta-analysis

significant difference between knees (MD 0.11°% 95% CI
—0.02 to 0.25; P=0.10; I*=47%) (Fig. 6).

ACLD versus contralateral non-injured knees Eighteen
comparisons across eight studies [20, 24, 31, 32, 37, 38,
41, 44] were included in a meta-analysis which found no
significant difference between knees (MD 0.04°; 95% CI
—0.05 to 0.12; P=0.38; I>=0%) (Fig. 6).

Overall quality of discriminative validity and level of evi-
dence Strong evidence indicates insufficient quality for
the discriminative validity of existing TTDPM tests, a
finding which was unaffected by study quality (RoB) or
starting angle.

Responsiveness

Criterion approach and construct approach between other
outcome measurements

No studies assessed responsiveness from a criterion
approach nor between other outcome measurements,
and thus, the unknown level of evidence meant that their
quality was not estimable.

Construct approach between subgroups

Responsiveness between subgroups was assessed in
seven studies (Additional file 8: Table S8), three of which
received an RoB rating of “doubtful” [49, 50, 65] and the
remaining four of “inadequate” [45, 51, 52, 66]. None of

the studies with an RoB rating of “doubtful” found a sig-
nificant difference in change scores between subgroups.
Thus, a moderate level of evidence indicates insufficient
quality of responsiveness between subgroups for knee
joint TTDPM tests among individuals with ACL injury.

Construct approach before and after intervention

Responsiveness to intervention was assessed in ten stud-
ies [22, 24, 34, 50, 57, 61, 64, 65, 67, 68] (Additional file 9:
Table S9). One study received an RoB rating of “very
good” [68], one “adequate” [34], three “doubtful” [24, 50,
61] and five “inadequate” [22, 57, 64, 65, 67]. The study
with an RoB rating of “very good” found no significant
improvement in TTDPM two years after ACLR for one
group with an accelerated and one with a non-acceler-
ated rehabilitation programme. Across the four studies
with a doubtful or adequate RoB rating, 12 before and
after comparisons were investigated, ten of which found
non-significant differences. The interventions, which
were applied at the knee, were bracing, a neoprene sleeve
and stochastic resonance. The one study that compared
before and 12 months after surgical reconstruction made
eight comparisons among the same ACL group depend-
ing on starting angle (15° or 45°), motion direction (flex-
ion or extension) and angular velocity (0.1°/s or 0.2°/s)
of the TTDPM test and found only significant improve-
ment for two conditions (45° towards flexion and exten-
sion, both at 0.2°/s). Overall, a strong level of evidence
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ACL-injured knees Contralateral knees Mean Difference Mean Difference

Study or Subgroup Mean[°] SD[°] Total Mean|[°] SD[°] Total Weight IV, Rand 95% CI IV, Rand 95% CI

1.1.1 ACLR injured vs. ACLR non-injured

Co (1993) 133 076 10 1.2 0.41 10 1.0% 0.13[0.41,0.67] T

Courtney (2019) 4.8 16 20 35 1.3 20 0.4% 1.30[0.40, 2.20]

Fischer-Rasmussen (2000) 143 052 18 1.26 0.49 18 27% 017 [-0.16, 0.50] T

Laboute (2019) (1 month) 1.22 0453 32 0.95 0.29 32 6.7% 0.27 [0.06, 0.48] -

Laboute (2019) {(running) 0.91 0.35 32 0.86 0.34 32 10.2% 0.05[0.12,0.22] T

Nagai (2013) (Ext)* 11 0.8 6 11 09 6 0.3% 0.00 [-0.96, 0.96]

Nagai (2013) (Flex)* 0.9 05 6 1 0.6 6 0.7% -0.10[0.72,0.52] s

Ozenci (2007) (allograft) 096 027 20 112 0.28 20 100%  -0.16[-0.33,0.01] -

Ozenci (2007) (autograft) 1.0 016 20 0.95 018 20 26.2% 0.06 [-0.05,0.17] =

Roherts (2000) (20°, BExt)* 225 1.34 5 113 0.4 5 0.2% 1.12[-0.11, 2.35) i

Robherts (2000) (20°, Flex)* 2.38 1.2 g 213 0.94 5 0.2% 0.25[-1.09,1.59]

Roherts (2000) {40°, Ext)® 1.88 1.2 5 1.38 0.67 5 0.2% 0.50[-0.70,1.70] —

Roherts (2000) (40°, Flex)* 163 094 5 113 0.4 5 0.4% 0.50 [-0.40,1.40] —

Subtotal (95% CI) 184 184  59.1% 0.11[-0.02, 0.25] »

Heterogeneity: Tau®= 0.02; Chi*= 22.65, df=12 (P =0.03), F=47%

Test for overall effect: Z=1.64 (P=0.10)

1.1.2 ACLD injured vs. ACLD non-injured

Beynnon (1999) 1.45 066 20 117 0.5 20 2.2% 0.28 [-0.08, 0.64] T

Fischer-Rasmussen (2000) 152 071 20 1.3 0.63 20 1.7% 0.21 [-0.21, 0.63] =

Fonseca (2005) 088 014 11 0.87 013 11 229% 0.01 [0.10,012] b

Fridén {1997) (20°, Exf)* 1 0.8 4 0.75 0.61 4 0.3% 0.25[-0.74,1.24]

Fridén {1997) (20°, Flex)® 1 1.02 4 1 0.8 4 0.2% 0.00[-1.27,1.27]

Fridén {1997) (40°, Exf)* 1.08  1.02 4 0.92 1.02 4 01% 0.16 [-1.25,1.57]

Fridén {1997) (40°, Flex)® 083 061 4 0.67 0.41 4 0.6% 0.16 [-0.56, 0.88] I ne—

Lee (2009) 3.76 26 12 261 1.95 12 0.1% 1.15[-0.69, 2.99]

Nishiwaki (2007) (15°, Ex)* 0.8 0.2 4 0.9 0.3 4 23%  -0.10[-0.45,0.25] T

Nishiwaki (2007) (15°, Flex)? 0.9 0.6 4 09 09 4 0.3% 0.00[-1.06, 1.06]

Nishiwaki (2007) (45°, Ex)* 0.9 05 4 0.9 0.6 4 0.5% 0.00[0.77,0.77] I —

Nishiwaki (2007) (45°, Flex)? 0.8 0.4 4 0.8 0.2 4 1.5% 0.00 [-0.44, 0.44] I —

Ozenci (2007) 193 042 20 1.87 0.38 20 4.7% 0.06 [-0.19,0.31] T

Pap (1999) (0.1%/s)* 089 043 4 1.21 0.49 4 0.7%  -0.32[-0.96,0.32] —

Pap (1999) (0.15%s)* 113 048 4 1.06 0.55 4 0.6% 0.07 [-0.65,0.79] I

Pap (1999) (0.35%s)* 117 0458 4 0.99 0.57 4 0.5% 0.18[0.62,0.98] —

Pap (1999) (0.6%/s)* 1.24 041 4 1.06 0.35 4 1.0% 0.18[0.35,0.71] T

Pap (1999) (0.85°s)* 1.06 049 4 118 0.47 4 0.7% -0.13[-0.80,0.54] e —

Subtotal (95% CI) 135 135 40.9% 0.04 [-0.05, 0.12] *

Heterogeneity: Tau®= 0.00; Chi*= 6.84, df=17 (P = 0.99); F= 0%

Testfor overall effect: Z= 0.87 (P = 0.38)

Total (95% ClI) 319 319 100.0% 0.05[-0.00, 0.11] ’

Heterageneity: Tau?= 0.00; Chi*= 29.72, df= 30 (P = 0.48); F= 0% ’2 51 3 1* ,i,

Testfor overall effect: Z=1.93 (P = 0.05) .

Testfor subaroup differences: Chi*= 0.84, df= 1 (P = 0.36), *= 0% Favours ACL-injured knees  Favours contralateral

Fig. 6 Forest plot of all studies included in the meta-analysis for discriminative validity. *Group numbers (i.e.“Total”) have been divided by the
number of times each group has been included in the meta-analysis

therefore indicates insufficient quality for responsiveness
to intervention of TTDPM tests among individuals with
ACL injury.

Discussion

The aim of this systematic review was to summarize
the current evidence for and quality of the PMPs of
TTDPM tests of the knee joint among individuals with
an ACL injury. There was overall strong evidence to
substantiate insufficient quality of known-groups valid-
ity (ACLR/ACLD knees vs. asymptomatic controls)
and discriminative validity (ACLR/ACLD knees vs.
contralateral non-injured knees of the same individu-
als) for knee joint TTDPM tests. Tests with a starting
angle of 15° did however result in significantly poorer
thresholds for ACL-injured knees compared to asymp-
tomatic controls, although this finding was based on
results from only three studies. The quality of reliabil-
ity and criterion validity of knee joint TTDPM tests

was not estimable owing to the lack of studies investi-
gating these properties. The convergent validity (with
other objective and subjective outcome measures) and
responsiveness (between subgroups or following inter-
ventions) of TTDPM tests were deemed insufficient
based on a moderate level of evidence.

Reliability and measurement error

Remarkably enough, reliability was not analysed in any
of the 51 included studies. The quality of this PMP is of
particular importance for outcomes relating to respon-
siveness to intervention/subgroups and should there-
fore be established. Although one study by Roberts
et al. [22] reported the standard error of measurement
(SEM; 0.003°to 0.24°) for their TTDPM outcomes, the
overall RoB was rated “inadequate” (Additional file 4:
Table S4) because the study did not report whether
the patients were stable between measurements
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Fig. 7 Funnel plot of all studies included in the meta-analysis for discriminative validity. Abbreviations: ACLD, anterior cruciate ligament-deficient;
ACLR, anterior cruciate ligament-reconstructed; MD, mean difference; SE, standard error

ACL-injured knees Contralateral knees

Mean Difference Mean Difference

Testfor overall effect. Z=1.56 (P=0.12)
Test for subgroup differences: Chi*= 2.28, df=1 (P = 0.13), F= 56.2%

Study or Subgroup Mean|[°] SD[°] Total Mean[°] SD[°] Total Weight IV,R 95% CI IV, R 95% CI
1.1.1 ACLR injured vs. ACLR non-injured

Co (1993) 133 076 10 1.2 041 10 91% 0.13[-0.41,0.67) —
Courtney (2019) 48 1.6 20 35 1.3 20 3.8% 1.30[0.40, 2.20]

Laboute (2019) (1 month) 1.22 053 32 095 0.29 32 254% 0.27 [0.06, 0.48] —=
Lahoute {2019) {(running) 0.91 0.35 32 0.86 0.34 32 287% 0.05[-012,022] -
Subtotal (95% Cl) 94 94 67.0% 0.24[-0.04, 0.52] i
Heterogeneity: Tau®= 0.04; Chi*=8.81, df= 3 (P = 0.03); F= 66%

Test for overall effect. Z=1.70 (P = 0.09)

1.1.2 ACLD injured vs. ACLD non-injured

Fonseca (2005) 088 014 11 0.87 013 11 33.0% 0.01[0.10,012] b a
Subtotal (95% Cl) 1 11 33.0% 0.01[-0.10, 0.12] L 2
Heterogeneity: Not applicable

Testfor overall effect. Z=0.17 (P = 0.86)

Total (95% CI) 105 105 100.0% 0.15[-0.04,0.33] &>
Heterogeneity: Tau®= 0.02; Chi*=11.79, df= 4 (P = 0.02); F= 66% |2 -1 3 1 2

Fig. 8 Forest plot of only those studies with a risk of bias rating of “adequate” or “very good”included in the meta-analysis for discriminative validity

Favours ACL-injured knees Favours contralateral

(test—retest interval was one month). In our previous
systematic review on the PMPs of knee joint position
sense (JPS) tests [11] only three studies (with RoB rat-
ings of “inadequate”) reported test—retest reliability and
one study (with an RoB rating of “very good”) reported
insufficient quality for intra-session reliability. In agree-
ment with the current findings of the TTDPM tests,

there is therefore a lack of evidence for the reliability of
tests that attempt to assess kinesthesia, i.e. the proprio-
ceptive senses of limb position and motion [69], of the
knee joint among individuals with ACL injury.

Criterion and convergent validity
No studies assessed criterion validity of knee joint
TTDPM tests. Due to a lack of gold standard test to
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ACL-injured knees Contralateral knees

Mean Difference Mean Difference

Test for overall effect: Z=1.90 (P = 0.06)
Testfor subaroup differences: Chi*= 2.24, df=3 (P=0.52), F=0%

Study or Subgroup Mean|[°] SD[°] Total Mean[°] SD[°] Total Weight IV,R 95% CI IV, R 95% CI
1.2.115°

Laboute (2019) (1 month) 1.22 053 32 0.95 0.29 32 8.0% 0.27 [0.06, 0.48] —
Laboute (2018) (running) 091 035 32 086 034 32 106%  0.05[0.12, 022 -—
Nagai (2013) (Ext)* 1.1 0.8 [ 1.1 09 6 05%  0.00[-0.96,0.96] —

Nagai (2013) {Flex)* 0.9 0.5 6 1 0.6 6 12% -010[0.72 052 I E—
Nishiwaki (2007) (Ext)® 08 02 8 09 0.3 8 6.1% -0.10[-0.35,0.15) —r
Nishiwaki (2007) (Flex)* 09 05 8 0.9 0.6 8 1.6%  0.00[0.54,054] e
Ozenci (2007) (ACLD) 193 042 20 1.87 0.38 20 6.2% 0.06 [-0.19,0.31] -,
Ozenci (2007) (allograft) 096 0.27 20 112 0.28 20 105%  -0.16[-0.33,0.01] -

Ozenci (2007) (autograft) 101 016 20 095 018 20 16.9% 0.06 [-0.05,0.17] -
Subtotal (95% CI) 152 152 61.5% 0.03[-0.07,0.12] 1}
Heterogeneity: Tau*=0.01; Chi*=11.46, df=8 (P=0.18), F=30%

Test for overall effect: Z=0.57 (P = 0.57)

1.2.2 20°

Fischer-Rasmussen (2000) (ACLD) 152 071 20 1.3 0.63 20 2.6% 0.21 [-0.21, 0.63] T
Fischer-Rasmussen (2000) (ACLR) 143 052 18 1.26 0.49 18 3.9% 017 [-0.16, 0.50] T
Fridén (1997) (Ext)* 1 05 8 05 05 8 1.9% 0.50[0.01, 0.99]

Fridén {1997) (Flex)* 0.75 0.5 8 1 0.5 8 1.9% -0.25[0.74,024) T
Roberts (2000) (Ex)° 1 1 10 1 0.5 10 1.0%  0.00[-0.69, 0.69] —_—
Roberts (2000) (Flex)® 2 05 10 2 05 10 2.3%  0.00[-0.44, 0.44] —_—
Subtotal (95% CI) 74 74 13.6% 0.12[-0.06, 0.31] >
Heterogeneity: Tau®= 0.00; Chi*=5.17, df= 5 (P = 0.40); F=3%

Test for overall effect: Z=1.32 (P=0.19)

1.2.3 40°

Co (1993) 133 076 10 1.2 0.41 10 1.6% 0.13[-0.41,0.67] I e
Fridén (1997) (Ext)® 1 0.5 8 05 05 8 1.9% 0.50[0.01, 0.99)

Fridén (1997) (Flex)® 075 05 8 0.5 05 8 1.9%  025[0.24,074] —_1
Roherts (2000) (Ext)* 1 0.5 10 1 05 10 2.3% 0.00 [-0.44,0.44]  —
Roberts (2000) (Flex)* 1 0.5 10 1 0.5 10 2.3% 0.00 [-0.44, 0.44] e
Subtotal (95% Cl) 46 46 10.1%  0.16 [-0.05,0.37] &
Heterogeneity: Tau®= 0.00; Chi*= 3.02, df= 4 (P = 0.56); F= 0%

Test for overall effect: Z=1.49 (P = 0.14)

1.2.4 45°

Beynnon (1998) 145 066 20 117 0.5 20 3.3%  0.28[-0.08, 0.64] T—
Courtney (2019) 48 16 20 35 13 20 06% 1.30(0.40, 2.20]

Lee (2009) 3.76 26 12 261 1.95 12 0.1% 1.15[-0.69, 2.99]

Nishiwaki (2007) (Ext)* 0.9 0.6 8 0.9 0.9 8  09% 0.00[-0.75,0.75] . E—
Nishiwaki (2007) (Flex)* 08 04 8 0.8 0.2 8 43%  0.00[-0.31,031)] —_
Pap (1999) (0.1°s)* 089 043 4 121 049 4 1.2% -0.32[0.96,0.32) —
Pap (1999) (0.15°/s) 113 049 4 106 055 4 09%  0.07[0.65 079 —_—
Pap (1999) (0.35%s)* 117 059 4 099 057 4 07% 0.18 [-0.62, 0.98] —

Pap (1999) (0.6°/s)* 124 041 4 106 035 4 1.7% 0.18-0.35,0.71] B
Pap (1999) (0.85°%/s)® 1.06 049 4 119 047 4 11%  -0.13[-0.80, 0.54] —_—
Subtotal (95% CI) 88 88 14.7% 0.13[-0.08, 0.35] >
Heterogeneity: Tau®= 0.03; Chi*=11.63, df= 9 (P = 0.23), F= 23%

Test for overall effect: Z=1.23 (P = 0.22)

Total (95% Cl) 360 360 100.0% 0.07 [-0.00, 0.14] »
Heterogeneity: Tau?= 0.00; Chi*= 33.84, df = 28 (P = 0.25); F= 14% 2 1 5 1 2

Favours ACL-injured knees Favours contralateral

Fig. 9 Forest plot of the studies included in the main meta-analysis for discriminative validity as subgroups depending on the starting knee angle
used in the test (15°, 20°, 40° or 45°). One study [41] was omitted because it was the only one to use 35° as the starting angle. “Group numbers (i.e.
“Total") have been divided by the number of times each group has been included in the respective subgroup meta-analysis

compare TTDPM tests, the PMP remains uncertain;
nevertheless, future studies on concurrent and predic-
tive validity of TTDPM tests are warranted in individu-
als with an ACL injury. Convergent validity was difficult
to ascertain because TTDPM test outcomes were com-
pared to 50 different outcome measures (knee laxity, self-
reported outcomes [KOOS, Lysholm scale, Tegner scale,
etc.], neuromotor control/functional tests, thigh mus-
cle strength, etc.) (Additional file 5: Table S5). The most
common outcome measure compared was knee laxity
[24, 31, 33, 35, 39]. The quality of this PMP was insuf-
ficient because 83% of the reported results in all stud-
ies with an RoB rating better than “inadequate” revealed

no significant correlations between knee joint TTDPM
tests and other outcome measures. It must be noted that
some of the constructs compared could be considered
multi-factorial (e.g. self-reported outcomes), thereby
leading to low correlations with TTDPM outcomes. Fur-
ther research is however needed in this area to substan-
tiate the convergent validity of TTDPM tests with other
related constructs in individuals with ACL injury.

Known-groups validity

An overall meta-analysis for known-groups validity
revealed a near-significant trend towards favourable out-
comes for knees of asymptomatic controls (MD, 0.18°%
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P=0.05). This trend lends some support to a previous
meta-analysis by Relph and Herrington [4] who found
significantly poorer TTDPM for ACL-injured knees com-
pared with those of controls (MD, 0.38°; P=0.03). Their
results were however based on only two studies which
were also included in the current review. A more recent
systematic review without meta-analysis conversely con-
cluded from seven studies that TTDPM tests did not tend
to find significant differences between ACL-injured knees
and those of controls [70]. Our sensitivity meta-analysis
for methodological quality included four studies and also
did not find a significant difference. Based on the most
recent and strongest evidence, it must therefore be con-
cluded that existing tests of TTDPM have overall insuf-
ficient quality for known-groups validity. Our subgroup
meta-analysis did however reveal that a starting angle of
15° detected significantly poorer thresholds (MD, 0.28°,
P=0.03) for ACL-injured knees than those of asympto-
matic controls, albeit based on outcomes from only three
studies. This finding indicates that the choice of starting
angle could be of particular importance for such compar-
isons and may help to guide future development of opti-
mised TTDPM tests, for which the influence of angular
velocity and motion direction should also be considered.
Indeed, our previous review of knee JPS tests after ACL
injury [11] found that test procedures, such as whether
movements were passive or active, influenced the signifi-
cance level of the results for known-groups validity.

Discriminative validity

A meta-analysis for discriminative validity (Fig. 6)
showed no significant difference in TTDPM for ACL-
injured knees (ACLD/ACLR) compared to non-injured
contralateral knees of the same individuals, although
there was a trend towards statistical significance (MD,
0.05°%5 P=0.05). There have been conflicting findings
between previous systematic reviews [4, 5] to substan-
tiate poorer TTDPM in ACL-injured knees compared
to contralateral non-injured knees. The magnitude of
proprioception loss following ACL injury appears to be
more evident from tests of JPS than TTDPM [5]. Our
own previous meta-analysis for knee JPS tests [11] fur-
ther found that ACLD but not ACLR knees showed sig-
nificantly poorer proprioception than the contralateral
healthy knee, yet significant differences for TTDPM were
not found for either group in the current meta-analysis. It
must be noted that the test procedures differed between
the studies in this review with regard to, e.g. angular
velocities, direction of motion (flexion/extension), test
device used and starting angle chosen. If a standardised
test method were to be developed and applied consist-
ently, then outcomes would be easier to interpret and
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potential differences between injured and non-injured
knees may become apparent.

Responsiveness

No study assessed responsiveness of TTDPM compared
to a gold standard or other outcome measurements.
A moderate and strong level of evidence was however
found to establish insufficient quality of responsive-
ness between subgroups (ACLD/ACLR/asymptomatic
controls) and following an intervention over a period of
time, respectively. The interventions employed across
the included studies were however diverse, e.g. knee
brace, neoprene sleeve, neuromuscular training such as
backward treadmill walking, etc., as were the study par-
ticipants. Thus, due to the different interventions, pop-
ulations and test setups, it is difficult to draw a general
conclusion about responsiveness of knee joint TTDPM
tests to interventions following ACL injury. A similar
finding of a lack of significant result from diverse inter-
ventions was evident in our review of JPS tests after ACL
injury [11]. It is possible that the included tests of knee
TTDPM were not sensitive enough to identify change
over time, or that kinesthesia may not be affected follow-
ing ACL injury, or simply that the applied interventions
simply did not influence knee proprioception.

Methodological considerations

We did not include unpublished studies, gray literature
or non-English studies which could be seen as a limita-
tion. It remains unclear whether publication bias exists
regarding TTDPM tests, but this can potentially lead to
good studies being rejected because they do not present
significant results. A funnel plot to assess for this in our
meta-analyses was appropriate only for discriminative
validity due to an otherwise lack of included studies. This
funnel plot did however indicate a potential publication
bias which may have affected our results and should be
considered in future studies.

The completeness of descriptions regarding test pro-
cedures varied between the studies and, in addition,
there were many different test procedures. It was there-
fore difficult to interpret whether one particular method
was better than others in discerning changes in TTDPM
tests following interventions or between groups. If these
TTDPM tests should be used in future studies, a stand-
ardised method for testing is warranted. The participants
across the included studies also represented a large range
in terms of their quantity, age, sex and time since injury.
One potentially important distinction in this context may
also be that of non-copers/copers and adapters, i.e. those
who do/do not experience giving way during daily activi-
ties and those who have adapted their activities to avoid
giving way, respectively. Evidence suggests differences
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between such groups regarding TTDPM and somatosen-
sory evoked potentials [62]. Any future research that
attempts to develop knee joint TTDPM tests should thus
investigate potential differences for specific ACL groups.

We reported mean and SD of the TTDPM test results,
but for those articles that reported the median and range
or quartiles, we have used the method by Wan et al. [17]
to estimate mean values. Some studies failed to report
relevant data entirely. This did not however affect the
overall results of our analyses because those studies with
missing data were not eligible for inclusion in the respec-
tive meta-analyses.

We did not include studies in the overall evidence syn-
thesis if they received an RoB rating of “inadequate”. The
latest COSMIN (2018) guidelines state however that
studies with an overall RoB rating of “inadequate” can
be included if their results are similar to those of other
studies with a higher RoB rating. An additional concern
regarding rating of RoB is the questions pertaining to
flaws in the study design and statistical methods. Studies
could be rated as “inadequate’, “doubtful” or “very good”
for these two questions, but not "adequate” Many studies
thus received a rating of “doubtful” when they may have
in fact received a rating of “adequate” had that option
been available for those questions. This would have
potentially led to the inclusion of more studies in the
respective analyses and could have affected our results.

Future research

Future studies wishing to develop knee joint TTDPM
tests should determine the influence of starting angle,
movement direction, angular velocity and body posi-
tion on test outcomes, with full reporting of procedures.
Innovative functional assessments of proprioceptive
acuity in multiple joints are also encouraged, especially
considering clinical implementation. Other relevant
information to report includes participant characteris-
tics such as their quantity, age, sex, activity level, type of
injury (and surgery), time since injury, side dominance
and stability between tests for reliability analyses. When
reporting results, the mean and SD (given that the result
is normally distributed) should be clearly presented, as
well as correlation coefficient when relevant.

Conclusions

Existing tests of knee joint TTDPM among individu-
als with ACL injury lack either sufficient quality or a
sufficient level of evidence for their reliability, validity
and responsiveness. Significantly poorer TTDPM for
knees with ACL injury compared to those of asymp-
tomatic controls from a starting angle of 15°, as well
as trends towards significance in some of our other
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meta-analyses, do nevertheless encourage the develop-
ment of standardised methods. Primary studies inves-
tigating the influence of modifiable test components,
e.g. starting knee angle, motion direction and angular
velocity, on relevant PMPs are therefore recommended
to inform evidence-based practice. Standardised, reli-
able, valid and responsive knee TTDPM tests would
facilitate the identification of proprioceptive deficits
post-ACL injury and the effectiveness of interventions
over time. Until such tests are established, however,
outcomes from knee TTDPM tests among individuals
with ACL injury should be interpreted with caution.
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