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Abstract

Purpose Marker-by-treatment analyses are promising new methods in internal medicine, but have not yet been implemented 

in orthopaedics. With this analysis, speciic cut-of points may be obtained, that can potentially identify whether menis-

cal surgery or physical therapy is the superior intervention for an individual patient. This study aimed to introduce a novel 

approach in orthopaedic research to identify relevant treatment selection markers that afect treatment outcome following 

meniscal surgery or physical therapy in patients with degenerative meniscal tears.

Methods Data were analysed from the ESCAPE trial, which assessed the treatment of patients over 45 years old with a 

degenerative meniscal tear. The treatment outcome of interest was a clinically relevant improvement on the International 

Knee Documentation Committee Subjective Knee Form at 3, 12, and 24 months follow-up. Logistic regression models 

were developed to predict the outcome using baseline characteristics (markers), the treatment (meniscal surgery or physical 

therapy), and a marker-by-treatment interaction term. Interactions with p < 0.10 were considered as potential treatment selec-

tion markers and used these to develop predictiveness curves which provide thresholds to identify marker-based diferences 

in clinical outcomes between the two treatments.

Results Potential treatment selection markers included general physical health, pain during activities, knee function, BMI, 

and age. While some marker-based thresholds could be identiied at 3, 12, and 24 months follow-up, none of the baseline 

characteristics were consistent markers at all three follow-up times.

Conclusion This novel in-depth analysis did not result in clear clinical subgroups of patients who are substantially more likely 

to beneit from either surgery or physical therapy. However, this study may serve as an exemplar for other orthopaedic trials 

to investigate the heterogeneity in treatment efect. It will help clinicians to quantify the additional beneit of one treatment 

over another at an individual level, based on the patient’s baseline characteristics.

Level of evidence II.
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Introduction

Marker-by-treatment analyses are promising new meth-

ods in internal medicine [8], but have not yet been imple-

mented in orthopaedics. Results from randomized clini-

cal trials (RCTs) do not account for the heterogeneity in 

treatment efect and, therefore, RCT-based treatment rec-

ommendations are not always applicable to the individual 

patient [13, 18, 23]. The more conventional prognostic 

models identify the association between a prognostic 

marker and a good or poor treatment response. However, 

to select the best treatment for an individual patient it is 

important to quantify the beneit of one treatment over 

the other [8]. Previous marker-by-treatment analysis pro-

vided clinicians an evidence based method to select the 

best treatment for ovulatory infertile women [30]. In mid-

dle aged and older patients with a meniscal tear, the results 

from RCTs show that meniscal surgery has no clinical 

advantage over non-surgical treatment (such as physical 

therapy) or placebo surgery. However, meniscal surgery 

is associated with higher societal and healthcare costs, 

and higher risk of serious adverse events [2, 21, 28]. The 

number of surgeries slowly decreases, but surgery is still 

regularly performed for degenerative meniscal tears [20]. 

This is partly explained by the belief among some ortho-

paedic surgeons and patients that surgery is necessary to 

regain normal knee function in a subgroup of patients [4]. 

This view is based on a subgroup of non-responders to 

conservative treatment in RCTs [1]. [10] Several studies 

recommend to explore the heterogeneity of treatment out-

come to better understand underlying factors which inlu-

ence individual treatment efects [13, 18, 23]. Previous 

studies tried to deine these subgroups [19, 25]. However, 

neither multivariable prognostic models [16, 19] nor sur-

geons’ personal predictions were able to accurately predict 

treatment outcome [25].

With a marker-by-treatment analysis, the inluence of 

baseline information on the treatment efect can be deter-

mined [8, 13]. These predictive factors, or treatment selec-

tion markers, represent baseline information regarding 

patient characteristics, physical and radiological exami-

nation indings or patient reported outcomes. The relevant 

interactions between the baseline characteristics (mark-

ers) and treatment outcome can be plotted in a marker-by-

treatment predictiveness curve [8]. The analysis provides 

speciic cut-of points that can potentially identify the 

superior intervention of two interventions. The baseline 

characteristics that can accurately diferentiate between 

the outcome between interventions are considered relevant 

treatment selection markers. These treatment selection 

markers can guide personalized treatment choices, based 

on a patient’s individual characteristics [8].

Previous prognostic models were unable to accurately 

predict treatment outcome. Therefore, this study aimed 

to introduce this novel approach in orthopaedic research 

and to identify relevant treatment selection markers that 

afect treatment outcome following meniscal surgery or 

physical therapy in patients with degenerative meniscal 

tears. Analysing patient’s baseline characteristics using 

this method can help clinicians to select the treatment that 

is potentially the most beneicial for an individual patient.

Materials and methods

The Medical Research Ethics Committees United (MEC-U; 

NL44188.100.13) approved the ESCAPE trial and the trial 

was registered (clinincaltrials.gov: NCT01850719 and The 

Netherlands Trial Register: NTR3908). All patients provided 

written informed consent before randomization.

To identify potential treatment selection markers, the data 

from the ESCAPE trial were used. The ESCAPE trial is a 

multi-center RCT comparing meniscal surgery with physi-

cal therapy in patients over 45 years old with a symptomatic 

degenerative meniscal tear who do not experience locking of 

the knee [26]. Patients were randomly allocated to meniscal 

surgery or physical therapy. Exclusion criteria were severe 

osteoarthritis (Kellgren and Lawrence score of 4, present-

ing signiicant osteophytes, joint-space narrowing, sclero-

sis, and bone ends abnormality) [11], a body mass index 

(BMI) > 35 kg/m2, prior surgery to the index knee (with 

the exception of diagnostic arthroscopic surgery), or clini-

cally relevant anterior or posterior cruciate ligament insuf-

iciency. Meniscal surgery, in which the damaged part of 

the meniscus was removed was performed within 6 weeks 

after randomization. Physical therapy which consisted of 

a predeined incremental exercise protocol, consisting of 

16 sessions during eight weeks (Supplement 1) [27]. For 

patients with persistent knee symptoms after the interven-

tion, additional physical therapy sessions could be attended 

or a delayed meniscectomy could be planned, depending on 

a shared decision after consultation with the orthopaedic 

surgeon. Further details of the interventions can be found in 

the study protocol of the ESCAPE trial [26, 27].

Selection of baseline characteristics for treatment 
selection

Baseline characteristics were preselected as possible treat-

ment selection markers from an extensive list of baseline 

variables that were available (Supplement 2). First, a litera-

ture search was conducted to identify factors associated with 

the treatment outcome in patients with a meniscal tear. The 

search strategy can be found in Supplement 3. Second, an 

electronic survey was sent to an expert panel of orthopaedic 
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surgeons (N = 24), physical therapists (N = 22) and patients 

(N = 10) who were involved in the ESCAPE trial to identify 

the most relevant treatment selection factors according to 

their opinion. The inal selection of baseline characteristic 

that were analysed as potential treatment selection markers 

consisted of variables with a continuous outcome that were 

identiied by the literature and/or chosen by the expert panel 

as variables associated with the treatment outcome [12].

Potential treatment selection markers included patients’ 

demographics (age, education level, BMI), patient reported 

outcome measures (the International Knee Documentation 

Committee Subjective Knee Form (IKDC) for knee function, 

pain intensity during activities on a Visual Analogue Scale 

(VAS), the RAND-36 Physical Component Scale (PCS) for 

general physical health, and the patient’s expectation for 

pain relief following treatment), and radiographic informa-

tion (the Kellgren–Lawrence score for osteoarthritis [11], 

determined on a weight bearing radiograph in a posterior-

anterior direction.

Patient involvement

Ten patients were surveyed who were involved in the 

ESCAPE trial. The patients were asked to select relevant 

treatment selection factors according to their opinion. From 

the list of variables measured within the ESCAPE trial.

Treatment outcome

The treatment outcome of interest was a clinically relevant 

improvement on patient reported knee function. For short-

term efects, 3 months was identiied by the patients and cli-

nicians as an important time-point. Long-term efects were 

analysed at 12 and 24 months. Patient reported knee function 

was measured with the IKDC questionnaire [7]. The IKDC is 

a validated and reliable questionnaire with good responsive-

ness in patients with degenerative meniscal tears [17, 29]. 

Clinically relevant improvement was deined as an improve-

ment exceeding the minimal important change (MIC) of the 

IKDC of 11 points for this patient population [17]. For this 

study, patients were divided into two groups at 3, 12, and 

24 months follow-up: (1) patients who experienced a clini-

cally relevant improved knee function (an improvement ≥ 11 

IKDC points; i.e. good outcome) and (2) patients who did 

not experience a clinically relevant improved knee function 

(a deterioration or improvement < 11 IKDC points; i.e. poor 

outcome).

Data processing and statistical analysis

For the preselected baseline characteristics with a continu-

ous outcome, separate logistic regression models were devel-

oped (treatment selection models) to predict the outcome 

using (1) the baseline characteristic (marker), (2) the allo-

cated treatment (meniscal surgery or physical therapy), and 

(3) a marker-by-treatment interaction term. Interactions with 

a p value for association < 0.1 were considered as potential 

treatment selection markers [3, 22].

These potential treatment selection markers were further 

explored using predictiveness curves. These predictiveness 

curves present the risk on a poor outcome (no clinically rel-

evant improved or deteriorated knee function) for both treat-

ments. Furthermore, they also provide information on the 

performance of the potential treatment selection markers to 

guide treatment decisions, so called summary measures [8]. 

A detailed explanation of a predictiveness curve is provided 

in Supplement 4. The performance of the potential treatment 

selection markers was analysed under the assumption that 

physical therapy is the standard treatment as suggested by 

the current guidelines [21, 24].

The summary measures provide information on:

1. Marker positivity threshold; the threshold value of 

the baseline score of the potential treatment selection 

marker. Above this value patients would receive a rec-

ommendation for physical therapy, below this value a 

recommendation for meniscal surgery;

2. Marker positivity rate; the proportion of patients with a 

marker value greater than the marker positivity thresh-

old. For this proportion of the population, physical ther-

apy has an advantage over meniscal surgery;

3. Marker negativity rate; the proportion of patients with a 

marker score smaller than the marker positivity thresh-

old. For this proportion of the population, meniscal 

surgery has an advantage over physical therapy and for 

this group standard care (i.e. physical therapy) would be 

recommended to change;

4. Average benefit physical therapy; the average beneit of 

physical therapy in patients with a marker value above 

the marker positivity threshold. This measure evaluates 

the efect of physical therapy compared to meniscal sur-

gery on the marker outcome;

5. Average benefit meniscal surgery; the average beneit of 

meniscal surgery in patients with a marker value below 

the marker threshold. This measure evaluates the efect 

of meniscal surgery, if treatment decision was guided by 

the model, in terms of the expected decrease in patients 

with a poor outcome;

6. Decrease in rate of poor outcome, the estimated change 

in the outcome in our population if treatment decisions 

are guided by the model compared to the outcome when 

treated according to standard care (i.e. physical ther-

apy). This measure is used to provide information on the 

decrease in percentage of patients with a poor outcome 

when treatment is decided on basis of the treatment 

selection models.
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All analyses were performed based on the intention-to-

treat data. The data analyses for the predictiveness curves 

were performed using R-studio, version 1.2.1335 and pack-

age ‘Treatment selection’ (R-studio Inc., Boston, MA, USA) 

[8].

The sample size was determined and calculated for the 

RCT in which the patients’ data were collected. The details 

on the sample size calculations can be found in previous 

publications [26, 27].

Results

Participants

Three hundred and twenty-one patients were included 

in the study. The mean (SD) age was 57.5 (6.6) years, 

and 161 (50.5%) participants were female. A total of 158 

patients were allocated to surgery and 161 to physical 

therapy. Both groups showed comparable baseline char-

acteristics for the potential treatment selection markers 

(Table 1). Main results and a detailed low chart of the 

ESCAPE trial were previously published [26].

At 3 months follow-up, 57.0% (meniscal surgery) and 

52.2% (physical therapy) of the patients were improved 

in knee function (> 11 IKDC points). At 12 months, this 

was 70.3% (surgery) and 54.7% (physical therapy), and at 

24 months, this was 70.9% (surgery) and 65.8% (physical 

therapy). This shows that over time more patients achieved 

a clinically important improvement in knee function. In 

the physical therapy arm, 43 patients (27%) received 

delayed meniscectomy within 24 months.

Table 1  Patients’ baseline 
characteristics

Data are n (%) or mean [standard deviation (SD)]

Abbreviations: BMI body mass index, IKDC International Knee Documentation Committee Subjective 
Knee Subjective Knee, PCS Physical Component Score, VAS Visual Analogue Scale, K–L Kellgren–Law-
rence classiication, OA osteoarthritis, MRI Magnetic Resonance Imaging
a Surgery n = 150, Physical therapy n = 149
b Grade of knee osteoarthritis was assessed by X-ray using the Kellgren and Lawrence scale (K&L)
c K–L grade 4 was an exclusion criterion for participation in the ESCAPE trial

Surgery
(n = 158)

Physical therapy
(n = 161)

Demographics

 Age in years (SD) 57.6 (6.5) 57.3 (6.8)

 Female (%) 80 (50.6) 81 (50.3)

 Education level, high (%) 67 (42.4) 86 (53.4)

 BMI (kg/m2) (SD) 26.7 (3.8) 27.2 (4.0)

Patient-reported outcomes

 Knee function on the IKDC (SD)
0–100, worse to best

44.8 (16.6) 46.5 (14.6)

 General physical Health on the RAND-36 PCS (SD)
0–100, worse to best

37.6 (8.3) 37.9 (8.6)

 Pain during activities on the VAS (SD)
0–100, best to worse

61.1 (24.5) 59.3 (22.6)

 Expectation for pain relief (SD)
1–7, deterioration of pain to complete pain relief

5.6 (0.5) 5.3 (0.8)

Radiographic  informationa

 OA score on radiographs (K–L classiication)b (%)

  0—No OA 18 (12.0) 15 (10.1)

  1—Doubtful 81 (54.0) 74 (49.7)

  2—Minimal OA 45 (30.0) 55 (36.9)

  3—Moderate OA 6 (4.0) 5 (3.3)

  4—Severe  OAc 0 (0%) 0 (0)

 Tear location on MRI n = 158 n = 161

  Medial 126 (79.7) 136 (84.5)

  Lateral 30 (19.0) 25 (15.5)

  Both 2 (1.3) 0 (0)
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Treatment selection markers

Potential treatment selection markers at baseline were 

general physical health (p = 0.01), pain during activities 

(p = 0.02) and knee function (p = 0.07) for the outcome at 

3 months; BMI (p = 0.05) and age (p = 0.06) for the out-

come at 12 months; and age (p = 0.05) for the outcome at 

24 months (Table 2).

Prediction curves for potential treatment selection 
markers

These potential treatment selection markers were further 

explored with predictiveness curves. Figures 1, 2, 3, 4, 5 

show the predictiveness curves at 3, 12, and 24 months for 

the following markers: general physical health, knee func-

tion, pain intensity during activities, age, and BMI.

Marker-by-treatment predictiveness curves for the out-

come at 3, 12, and 24 months. Abbreviations: PT physical 

therapy, APM arthroscopic partial meniscectomy (surgery); 

predictiveness curves present the risk for individual patients, 

Table 2  Logistic regression analyses for interaction between the baseline characteristics and treatment at 3, 12, and 24 months

Abbreviations: MIC minimally important change, OR odds ratio, CI conidence intervals, IKDC International Knee Documentation Committee 
Subjective Knee, RAND-36 PCS Physical Component Scale for or general physical health, BMI body mass index, K–L Kellgren–Lawrence scale

Marker-by-treatment interactions per follow-up moment are shown
a (n =  < MIC vs. n =  ≥ MIC) For each follow-up moment the distribution of patients who experienced MIC in knee function (improvement ≥ 11 
IKDC points) and patients who did not experience a MIC in knee function (changed IKDC score < 11 points) is reported. The reference treat-
ment is physical therapy. Data were available of 313 patients at 3 months, 279 patients at 12 months, and 289 patients at 24 months
b For each marker-by-treatment interaction, the OR shows the relative change per unit increase in the marker and we reported the 95% CI of the 
OR. An OR ≥ 1 indicates the value is in favour of physical therapy. The p values expressed whether the marker-by-treatment interaction is sig-
niicant (p ≤ 0.1)
c We analysed educational level, expectation of pain relief an K–L score as a continuous variable in the logistic regression analyses

*Indicates the baseline characteristics that are potential treatment selection markers

Baseline character-
istic

3 months
(< MIC 139 vs. ≥ MIC 174)a

12 months
(< MIC 80 vs. ≥ MIC 199)a

24 months
(< MIC 71 vs. ≥ MIC 218)a

Marker-by-treatment interaction Marker-by-treatment interaction Marker-by-treatment interaction

ORb

(95% CI)
p value for interac-
tion

ORb

(95% CI)
p value for interac-
tion

ORb

(95% CI)
p value for interaction

Age 0.95 (0.89–1.02) n.s. (0.14) 0.93 (0.84–1.00) 0.06* 0.92 (0.84–0.10) 0.05*

Education level 
(1–7)

1.02 (0.41–2.50) n.s. (0.97) 0.65 (0.22–1.90) n.s. (0.43) 1.01 (0.34–3.02) n.s. (0.98)

BMI 0.93 (0.83–1.05) n.s. (0.24) 0.86 (0.75–0.10) 0.05* 0.94 (0.82–1.09) n.s. (0.41)

Knee function on 
the IKDC (0–100)

1.04 (0.10–1.07) 0.07* 1.01 (0.97–1.05) n.s. (0.52)0 1.03 (0.99–1.08) n.s. (0.16)

General physical 
health on RAND-
36 PSC (0–100)

1.08 (1.02–1.15) 0.01* 1.05 (0.99–1.12) n.s. (0.11) 1.04 (0.97–1.11) n.s. (0.30)

Pain intensity during 
activities on VAS 
(0–100)

0.97 (0.95–0.10) 0.02* 0.99 (0.96–1.01) n.s. (0.25) 0.10 (0.97–1.02) n.s. (0.79)

Expectation of pain 
relief (1–7)

1.31 (0.63–2.71) n.s. (0.47) 0.88 (0.38–2.06) n.s. (0.77) 1.62 (0.65–4.07) n.s. (0.30)

Knee osteoarthritis 
on K–L scale 
(0–4)c

0.71 (0.27–1.85) n.s. (0.48) 0.99 (0.32–3.11) n.s. (0.99) 1.22 (0.39–3.87) n.s. (0.74)
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Fig. 1  Patients with a score above the threshold would improve 
more from physical therapy. The marker-by-treatment interaction at 
3 months is signiicant (p = 0.01) with a corresponding marker pos-
itivity threshold of 40.7 points. At 12 and 24  months follow-up the 

marker-by-treatment interactions are no longer signiicant. Therefore, 
general physical health is not useful for treatment selection on the 
longer term.
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Fig. 2  Patients with a score above the threshold would improve 
more from physical therapy. The marker-by-treatment interaction at 
3 months is signiicant (p = 0.07) with a corresponding marker pos-

itivity threshold of 50.6 points. At 12 and 24  months follow-up the 
marker-by-treatment interaction are no longer signiicant. Therefore, 
knee function is not useful for treatment selection on the longer term
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Fig. 3  Patients with a score above the threshold would improve 
more from physical therapy. The marker-by-treatment interaction at 
3 months is signiicant (p = 0.07) with a corresponding marker pos-
itivity threshold of 53.9 points. At 12 and 24  months follow-up the 

marker-by-treatment interaction are no longer signiicant. Therefore, 
pain intensity during activities is not useful for treatment selection on 
the longer term
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Fig. 4  Patients with a score above the threshold would improve 
more from meniscal surgery. The marker-by-treatment interaction 
for the marker age is not signiicant at 3 months. However, at 12 and 
24  months follow-up the marker-by-treatment interaction are sig-

niicant (12  months p = 0.06; 24  months p = 0.05). The correspond-
ing marker positivity threshold at 12  months follow-up is 49  years 
old and at 24  months follow-up the marker positivity threshold is 
53 years old
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with a certain marker score, at the outcome of interest due 

to the given treatment. On the X-axis is the proportion 

of patients displayed that score below the corresponding 

marker value. The corresponding marker value is the raw 

marker score. On the Y-axis is the risk for the individual 

patient at the outcome with physical therapy and arthro-

scopic partial meniscectomy displayed.

The sloping lines in Fig. 1 indicate that the risk of poor 

outcome increases with higher levels of baseline general 

physical health. This applies to both treatments. The inter-

section in Fig. 1a indicates that at 3 months, patients with 

baseline values below 40.7/100 were more likely to ben-

eit from surgery and patients with baseline values above 

40.7/100 were more likely to beneit from physical therapy. 

The curves at 12 and 24 months follow-up were sloping 

less, indicating a similar risk of poor outcome across base-

line values. Figure 2 shows a similar pattern for the marker 

knee function. The curves at 12 and 24 months run largely 

parallel, indicating that the efect of this baseline marker 

was similar for both treatments. The lines sloping down 

in Fig. 3 indicate that the risk of poor outcome decreased 

with higher levels of pain at baseline. The intersection in 

Fig. 3a indicates that at 3 months, patients with baseline 

VAS scores below 53.9/100 were more likely to beneit 

from surgery and patients with baseline VAS scores above 

53.9/100 were more likely to beneit from surgery. No such 

intersection indicating a potentially relevant cut-of for 

baseline pain was observed at 12 and 24 months. For age 

and BMI, all curves were rather horizontal, but diverging 

with increasing baseline marker values with half of them 

reaching statistical signiicance. This indicates that the 

beneit of surgery compared to physical therapy was larg-

est for patients with highest age and BMI. For all markers 

the predictiveness curves were inconsistent over time.

The summary measures of the predictiveness curves are 

presented in Table 3. This provides information on marker 

positivity threshold, average beneit physical therapy, aver-

age beneit surgery, marker positivity rate, marker negativity 

rate, and decrease in rate of poor outcome.

Discussion

The important inding of the present study was that the 

identiication of potential treatment selection markers did 

not result in clear clinical subgroups of patients who are 

substantially more likely to beneit from either surgery 

or physical therapy. Therefore, treatment decisions for 

patients with degenerative meniscal tear cannot be based 

on these treatment selection markers evaluated in the cur-

rent study.

The published randomized clinical trials that evaluated 

surgical to conservative treatment for degenerative meniscal 

tears revealed small and clinically non-meaningful beneits 

of meniscal surgery over physical therapy in patients with 

degenerative meniscal tears for patient reported knee func-

tion [5, 6, 9, 15, 26, 32]. However, due to potential hetero-

geneity in treatment efects, this does not necessarily imply 

that individual patients cannot have a clinically relevant 

improvement from meniscal surgery compared to physical 

therapy [23].

The present study revealed that the average beneit that 

individual patients would experience from meniscal surgery 

is small (ranging from 5.2 to 14.8%) if treatment would be 

based on these markers. Similar to the results from the 

RCTs, the increased beneit that some patients may experi-

ence from meniscal surgery compared to physical therapy 
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Fig. 5  Patients with a score above the threshold would improve more 
from meniscal surgery. The marker-by-treatment interaction for body 
mass index is not signiicant at 3 months. At 12 follow-up the marker-
by treatment interaction is signiicant (p = 0.05) with corresponding 

marker positivity threshold of 22.3. However, at 24 months follow-up 
the marker-by-treatment interaction are no longer signiicant. There-
fore, body mass index is not useful for treatment selection on the 
short and long term
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is not convincing since these beneits were small and not 

consistently present on all follow-up moments.

No studies were found that have analysed the variation 

in treatment efect for a musculoskeletal disorder based 

on RCT baseline data of their patients by performing a 

Table 3  Summary measures of 
predictiveness curves for pain 
during activities

The proportions are given in percentages (95% conidence interval)

Abbreviation: NA not available, no marker positivity threshold as the line do not cross each other)

The score ranges from 0 to 100, with 100 representing the best possible knee function

Interpretation (example): For general physical health at 3 months, 36.8% (95% CI 5.4–66.1) of the patients 
scored higher than the threshold value of 40.7 points (marker positivity rate), representing the cut-of point 
for a better outcome from physical therapy. Patients with a score above this threshold had an average 10.1% 
(95% CI 1.1–20.6) better outcome from physical therapy as compared to those treated with surgery (aver-
age beneit physical therapy). A total of 63.2% (95% CI 33.5–94.6) of the patients scored lower than the 
threshold (marker negatively rate). These patients had an average 13.1% (95% CI 4.1–22.9) better outcome 
from surgery as compared to those treated with physical therapy (average beneit surgery). If treatment 
would be based on general health, there would be an 8.3% (95% CI 1.5–16.4) reduction in poor outcomes 
at 3 months if all patients with a RAND-36 score below 40.7 would receive surgery (decrease in rate of 
poor outcome)

3 months 12 months 24 months

General physical health

Marker positivity rate 36.8% (5.4–66.1) 8.9% (0.0–36.5) 7.3% (0.0–48.5)

Marker negativity rate 63.2% (33.5–94.6) 91.1% (62.7–100) 92.7% (51.2–100

Marker positivity threshold 40.7 51.0 52.0

Average beneit physical therapy 10.1% (1.1–20.6) 0.3% (0.0–15.7) 1.8% (0.0–14.1)

Average beneit surgery 13.1% (4.1–22.9) 13.8% (5.2–24.1) 8.4% (1.8–17.5)

Decrease in rate of poor outcome 8.3% (1.5–16.4) 12.6% (3.8–22.5) 7.7% (1.3–16.7)

Knee function

Marker positivity rate 37.9% (− 0.1 to 85.5) 0% (0.0–38.4) 8.7 (0.1–54.4)

Marker negativity rate 62.1% (14.2–100) 100% (60.2–100) 91.3% (44.6–99.9)

Marker positivity threshold 50.6 NA 65.5

Average beneit physical therapy 6.0% (0.0–15.0) 0.1% (0.1–10.8) 5.8% (0.1–17.0)

Average beneit surgery 8.9% (1.0–18.6) 11.3% (3.1–21.9) 8.2% (1.4–17.6)

Decrease in rate of poor outcome 5.5% (0.1–14.5) 11.3% (2.0–21.6) 7.4% (1.0–16.5)

Pain intensity during activities

Marker positivity rate 62.8% (30.7–97.6) 99.2% (63–100) 99.9% (0.1–99.9)

Marker negativity rate 37.2% (2.0–68.6) 0.8% (0.0–36.6) 0.1% (0.1–100)

Marker positivity threshold 53.9 9.3 NA

Average beneit physical therapy 11.0% (0.3–22.4) 1.4% (0.0–14.0) 0% (0.0–12.2)

Average beneit surgery 12.2% (2.7–23.7) 12.7% (3.8–23.9) 5.2% (0.0–16.7)

Decrease in rate of poor outcome 7.7% (0.9–16.8) 12.6% (3.1–22.7) 5.2% (0.0–15.6)

Age

Marker positivity rate 67.4% (19.8–100) 88.8% (60.5–99.9) 72.2% (48.7–99.9)

Marker negativity rate 32.6% (0.0–79.3) 11.2% (0.1– 39.5) 27.8% (0.1–50.9)

Marker positivity threshold 54.0 49.0 53.0

Average beneit physical therapy 5.0% (0.0–16.7) 4.1% (0.0–14.4) 5.5% (0.0–17.0)

Average beneit Surgery 9.5% (1.2–20.4) 14.8% (6.5–25.7) 12.8% (4.3–22.0)

Decrease in rate of poor outcome 6.4% (0.3–16.2) 13.2% (0.5–23.7) 9.3% (2.8–18.2)

Body mass index

Marker positivity rate 75.7% (6.3–99.9) 90.3% (52.7–100) 99.0% (30.8–100)

Marker negativity rate 24.3% (0.1–93.7) 9.7% (0.0–46.9) 1.0% (0.0–68.9)

Marker positivity threshold 24.2 22.3 19.6

Average beneit physical therapy 3.2% (0.0–13.6) 4.4% (0.0–12.7) 0.5% (0.0–8.7)

Average beneit surgery 7.3% (0.1–19.2) 14.8% (6.7–25.1) 8.0% (1.3–18.3)

Decrease in rate of poor outcome 5.5% (0.1–16.1) 13.4% (5.4–23.6) 7.9 (0.4–17.9)
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marker-by-treatment analysis. One cohort study on prog-

nostic factors was identiied and found worse outcomes at 

1 and 2 years after surgery in case of complex tears, larger 

extrusion, cartilage injuries, and larger meniscal excision 

but without comparison to physical therapy [14]. In another, 

computer-based, prediction model in a similar population 

multivariable prognostic models were investigated to iden-

tify a subgroup of patients who might beneit from menis-

cectomy [19]. The multivariable prognostic models did not 

accurately predict treatment outcome after 1 year of surgery, 

and the study did not consider speciic cut-of points that 

can potentially diferentiate between the outcomes from the 

two treatments. In another study the orthopaedic surgeons’ 

prediction ability for treatment outcome in patients with 

degenerative meniscal tears was analysed for both physical 

therapy and meniscectomy [25]. Similar to the current ind-

ings, neither of these prediction studies were able to identify 

any subgroup of patients who might beneit from a menis-

cectomy or physical therapy on the longer term [25].

To our knowledge, this is the irst RCT-based marker-by-

treatment analysis that assessed the diferential treatment 

efect of potentially relevant baseline variables for predicting 

clinically relevant improvement of knee function in patients 

with a degenerative meniscal tear. For treatment decision 

making, this type of prediction studies may be favourable 

over more common multivariable prediction studies [8]. 

Marker-by-treatment analyses focus on predicting the dif-

ference in outcomes between the two treatments, rather than 

only predicting the outcome for one treatment. Therefore, 

the analyses help clinicians and patients select the best 

treatment to optimize the outcomes. The selection markers 

deemed relevant by patients in this study aim to direct the 

choice of treatment based on speciic baseline characteristics 

and the corresponding marker cut-of values.

Several limitations should be mentioned. First, the observed 

treatment thresholds did not account for potential adverse 

events resulting from surgery as an alternative to physical 

therapy. In other words, treatment beneit from surgery is 

overestimated because the risk of surgical complications is 

neglected [2]. Second, due to trial-based approach, the avail-

able baseline characteristics were restricted. Some potentially 

important predictors, such as objective knee function, muscle 

strength, the duration of symptoms [10], could not be included 

in our analyses. Although these factors may be viewed as rel-

evant for treatment outcome, prior prognostic models that did 

include these variables could also not accurately predict treat-

ment outcome in this population [19]. [10] Trials that included 

these prognostic variables are recommended to perform a 

marker-by-treatment analysis including these variables. Also, 

the trial-based approach might have resulted in an insuicient 

power for marker-by-treatment analysis due to the size of the 

RCT cohort. Third, the primary interest concerned the cut-of 

point on a predictiveness curve that distinguishes between a 

better outcome after surgery or after physical therapy based 

on a patient’s baseline score. Therefore, only continuous vari-

ables could be included, and dichotomous and categorical vari-

ables such as sex, joint line tenderness and tear type were not 

addressed.

Clinical implications

In general, marker-by-treatment analyses determine whether 

baseline characteristics can be used in making treatment 

decisions for individual patients. The predictiveness curves 

and performance measures of these predictiveness curves 

show the amount of beneit that individual patients will have 

from a treatment, if the treatment decision for that patient 

is based upon the treatment selection marker [8]. A thresh-

old value is derived that diferentiates between a favourable 

outcome for either of the compared treatments. Although 

such thresholds are rather uncommon to use as treatment 

decision tool in clinical practice, this information can be of 

high value to clinicians and policy makers who are seeking 

evidence based decision tools to weigh treatment beneit for 

individual patients against the risk of adverse events and 

healthcare costs [13]. So, instead of using mean outcomes 

of RCTs to make treatment decisions, patients and clini-

cians can potentially base their treatment decision for an 

individual patient upon the treatment selection marker.

In patients with degenerative meniscal tears our marker-

by-treatment analyses only revealed speciic baseline char-

acteristics that showed a small increase in a better treatment 

outcome after meniscal surgery for each follow-up time 

point. As the combination of characteristics varies among 

patients, combining these potential selection markers may 

be more accurate. Future research, combining the individual 

data from the published RCTs in an individual patient data 

meta-analysis [31], may be able to identify any of these sub-

groups and could steer towards an even more individualized 

approach.

The opinion that surgery is necessary to regain normal 

knee function in selected patients is not supported by our 

study or previous scientiic evidence in which subgroups 

have been unable to be identiied [4, 19, 25]. Therefore 

physical therapy is recommended as initial treatment for all 

patients with degenerative meniscal tears.

Conclusion

A marker-by-treatment analysis was successfully con-

ducted in orthopaedic research. No subgroups were found 

in this study that beneit more from surgery throughout the 

follow-up period. Physical therapy should be considered 

irst choice treatment in all patients over 45 years old with 

degenerative meniscal tears who do not experience locking 
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of the knee. Although the treatment selection markers had 

clear thresholds, none of the markers maintained a predic-

tive efect over time. Therefore, treatment decisions for 

patients with degenerative meniscal tear cannot be based 

on the treatment selection markers studied in this trial.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00167- 021- 06851-x.
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