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Abstract

:

Featured Application


This study provides evidence about the superiority of preoperative knee extension LSI and EPIC index over the generally used postoperative LSI of muscle strength in estimating the risk of secondary injury after ACLR. While the optimal contents of an RTS test battery is still being searched for, this study indicates a potential importance of preoperative knee extension LSI and EPIC to differentiate between low-risk and high-risk patients for secondary ACL injury who need an adjusted rehabilitation plan depending on the degree of limb asymmetry.




Abstract


Long-term muscle weakness may increase the risk of knee reinjury after anterior cruciate ligament reconstruction (ACLR) and of osteoarthritis. The incidence of secondary injuries after ACLR and the predictive value of preoperative and postoperative limb symmetry index (LSI) and estimated preinjury capacity (EPIC) index were studied for predicting the risk of reinjury in a retrospective study. Sixty-three recreational and professional athletes after ACLR with hamstring autograft were followed for secondary injury in the period from 2012 to 2014, 5 years after ACLR. Peak torque values of knee extensor and flexor muscle strength of the involved and uninvolved limb were measured with an isokinetic dynamometer at 60 degrees per second before ACLR and 6 months after ACLR and were used to calculate LSI and EPIC index. The results suggest that the preoperative LSI and EPIC indexes predict a secondary ACL injury better than the postoperative LSI for extensor muscles which is often used as a criterion to determine the time for returning to normal sports activities. Individuals with secondary ACL injuries suffer greater loss of knee extensor muscle strength of the uninvolved limb between preoperative and postoperative ACLR testing compared to the individuals without secondary injury.
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1. Introduction


Anterior cruciate ligament (ACL) knee injuries are common with an estimated incidence of approximately 81 ACL ruptures per 100,000 inhabitants aged 10–64 years [1]. Following ACL reconstruction (ACLR) many short-term and long-term problems may affect the health of the knee. Despite advances in ACLR, a high risk of secondary ACL injury is imminent. Return to sport (RTS) after primary ACL is associated with a 15- to 25-fold higher chance of a secondary ACL injury, as high as 22% for the involved knee and 24% for the contralateral knee five years after ACLR [2,3,4,5,6].



The risk of a secondary injury is a multifactorial phenomenon, the prediction of which should involve a broader approach to understand the complex relationships between risk factors and the occurrence of injuries better [7]. The individual’s risk is influenced by different physical, psychological, and other factors. Main physical factors are based on impairments found in patients after ACLR. They include poor neuromuscular control and poor biomechanics known to contribute to secondary ACL injuries, such as greater knee abduction moment, smaller knee flexion angle during landing with compensatory hip flexion, patterns of favoring the uninjured contralateral limb, decreased quadriceps limb symmetry index (LSI) below 90%, decreased rate of force development and hop test LSI below 90% [8,9,10,11,12]. All these variables are influenced by other factors such as sex, age, previous injury, the amount of time elapsed since ACLR, and increased exposure to sports precipitation, unanticipated environmental events, and higher training load [7,8]. There is still a lack of adoption of the simplest RTS tests in clinical practice. The time from ACLR to RTS has been the most frequently reported criterion in the literature [13]. However, the recent consensus statement is that purely time-based RTS decision-making should be abandoned in clinical practice, and it must include objective physical examination data (e.g., clinical tests and measurements) [14]. A general recommendation for unrestricted RTS used to be 6 months, but recent evidence indicates that RTS should be delayed for at least 9 months; some authors even suggest that it should be delayed up to 2 years after ACLR [15,16]. There are many suggested prevention strategies with limited plausibility and dubious efficiency [17]. Currently, the best prevention programs include the restoration of all the reported neuromuscular impairments after primary ACLR; use of objective RTS assessment; and use of a prevention exercise program that includes plyometric, strength, and proprioception training [18,19]. Return to sport assessments are administered following ACLR with the goal of evaluating modifiable risk factors associated with secondary injury, such as physical and mental readiness to safely return to unrestricted activity [20]. Physical readiness is assessed with the goal of capturing the overall impact of knee injury on knee function. Knee function can be assessed with different instruments, such as patient reported outcome measures, performance-based outcome measures, and clinical outcome measures. An important part of RTS assessments is the use of different performance-based outcome measures and screening tools that measure unique constructs. Most of them use LSI for bilateral limb comparison or additional comparison to normative data of healthy controls. Some of the most common assessments are muscle strength measurements, hop tests, agility tests, Y-balance test, tuck jump assessments, or landing error scoring systems [21]. High incidence of secondary ACL injuries has been the matter of debate in the literature regarding the appropriate use of postoperative LSI in currently recommended RTS muscle strength testing criteria [22,23]. Several studies have shown that athletes passing the objective RTS muscle strength assessment are at a lower risk of any knee injury, contralateral ACL injury, and/or ACL graft reinjury [15,23,24].



Persistent knee extension (quadriceps) muscle weakness is the most commonly reported impairment 6 months after ACLR; longitudinal studies have shown, however, that they can persist up to 3 years and longer [9,25,26,27]. Grindem et al. [15] have shown that the degree of muscle strength deficit in knee extensor is more significant than hop testing in preventing a secondary ACL injury. Being unable to produce sufficient knee extensor force is also associated with changed knee biomechanics during hopping and subjective hop testing assessment is not sufficiently specific to pick up the deficits [27,28,29]. Isokinetic dynamometry represents the gold standard in the evaluation of muscle strength and is the most commonly used tool in the studies evaluating the strength deficits in RTS following ACLR [15,25]. Muscular weakness may be defined as LSI—the difference between peak torque of the ACLR limb and the uninvolved limb. The commonly used criterion of 90% symmetry between the limbs has been proposed as the minimum standard for the involved limb before the patient returns to unrestricted sports after the injury [15,24,30]. But the use of 90% LSI has been under scrutiny due to the reports of concurrent loss of knee extensor muscle strength of the uninvolved limb after ACLR, which can overestimate muscle strength recovery of the ACLR knee [31,32]. This raises concern of using the LSI to confirm symmetrical muscle function, which could be based on bilateral weakness and could lead to subsequent premature RTS decision. Therefore, the question is whether the comparison of the involved to the uninvolved side (LSI) after ACLR is a good enough measure to evaluate the adequate postoperative rehabilitation status for safe unrestricted RTS [33].



To date, several studies have investigated an interrelationship of isokinetic strength performance before and 6 months after ACLR [28,34,35]. Riesterer et al. [34] have found that preoperative knee extension and flexion strength are moderately correlated to postoperative strength performance after ACLR, but with high intraindividual variability. A preliminary study of Wellsandt et al. [36] has demonstrated a potential benefit of using the estimated preinjury capacity (EPIC) index instead of postoperative LSI. EPIC compares the knee extension strength of the ACLR operated limb with the strength of the uninvolved limb prior to ACLR to determine the readiness for RTS. The same study suggests that inability to restore the knee function exhibited before ACLR (EPIC) may increase the risk of secondary ACL injuries and is a better predictor of secondary injury than postoperative LSI. However, the authors have not reported preoperative LSI. Thus, the objective of our study was to investigate the predictive value of preoperative and postoperative LSI and EPIC index for secondary ACL injury. To our knowledge, there have not been studies investigating these three parameters as predictive factors for secondary ACL injury.



The aims of this study were therefore to assess: (1) if EPIC levels will show greater between-limb differences than preoperative or postoperative LSI, (2) if EPIC levels could predict secondary ACL injuries better than the preoperative or postoperative LSI, and (3) if patients with secondary ACL injuries will suffer greater loss of quadriceps muscle strength of the uninvolved limb in the time interval between preoperative and post ACLR testing, which we called the estimated preinjury capacity index of the healthy limb (EPIC-H).




2. Materials and Methods


We performed a retrospective cohort study of patients following an ACL injury and ACLR performed in the same institution between 2012 and 2014. Patient records were checked for the occurrence of secondary injuries up to 5 years after ACLR. A follow-up of 5 years was chosen to look for a short-term (first 9 months) and medium-term (up to 5 years) incidence of secondary ACL injuries. The incidence reported in the literature appears to be highest in the first 9 months after ACLR and still elevated up to 5 years after the ACLR compared to healthy control subjects [2,3,4,5,6]. All secondary injuries were confirmed by a licensed orthopedic surgeon and MRI. This study was approved by institutional review board (R-42020); all patients provided a voluntary informed consent.



2.1. Inclusion and Exclusion Criteria


The inclusion criteria were as follows: (1) complete ACL rupture in active patients (professional or recreational athletes), (2) peak torque measurements for the strength of the knee extensor and knee flexion muscles of the involved and uninvolved limb prior to ACLR and at 6 months after surgery, (3) follow-up records of a maximum 5-years after ACLR. The exclusion criteria were (1) multiligamentous injuries, (2) severe arthritic changes of the knee evaluated as grade III-IV Kellgren–Lawrence (KL) or grade III-IV ICRS cartilage injury (International Cartilage Regeneration and Joint Society), (3) total or subtotal meniscectomy prior to ACLR on either side, (4) contralateral ACL deficient knee, and (5) contralateral partial ACL tear.




2.2. Patients and Treatment Procedures


In the observation period, 94 patients underwent ACLR using semitendinosus and gracilis tendon autografts. Preoperative patients’ evaluations included demographic and anthropometric data (age, gander, height, weight, BMI and preoperative Tegner activity score). Nineteen patients completed only the first, preoperative testing and did not return for the second testing after ACLR; 5 patients did not complete preoperative testing; 5 patients had other symptoms, related to the knee ACL; 2 patients had hamstring autografts taken from the uninvolved leg and were excluded from the study. Thus, 63 patients aged from 14 to 63 years (mean age ± SD: 34.7 ± 12.3 years); 26 (41.3%) women and 37 (58.7%) men were included in further analysis. All patients were treated by the same surgeon (i.e., corresponding author). They all had anatomic single-bundle ACLR. In all patients, a hamstring tendon autograft was used with suspensory fixation on the femoral side and bioabsorbable interference screw fixation on the tibial side.



Patients were instructed to perform rehabilitation program at home while waiting for ACLR to resolve any possible impairments (effusion, range of motion, pain, gait impairments, muscle strength). All patients followed the same rehabilitation protocol with 3 physiotherapy sessions/week in the first 6 weeks after ACLR, and after week 7 post ACLR, 2 weeks of intensive post-operative rehabilitation in a rehabilitation center according to the standard rehabilitation protocol. After that, they received written instructions for late-stage home rehab program that they had to perform in the gym until the second testing; compliance to the rehab program was not measured.




2.3. Outcome Measures


Time intervals between the initial injury, preoperative testing, surgery, postoperative testing, and second injury were well documented and calculated. Isokinetic, concentric knee extension, and flexion strength (peak torque) were measured bilaterally between 0° and 90° using a Humac Norm isokinetic dynamometer (Humac Norm Testing & Rehabilitation System; CSM Inc., Stoughton, MA, USA) at speed of 60°/s, as used in other similar published studies [15,25,37]. Knee extension and flexion strength testing using the Humac Norm dynamometer is reliable when measuring the isokinetic muscle strength (Intraclass Correlation Coefficient = 0.89) [38]. All strength assessments were performed identically before and after ACLR. The second testing was performed six months after ACLR; this being the usual time to begin light non-contact sport activities, it seemed appropriate for evaluating the rehabilitation progress [20].



LSIs were calculated for the muscle strength of knee extension and flexion before and after ACLR using the Equation (1) [36]:


LSI = ((Involved limb)/(Uninvolved limb)) × 100.



(1)







In addition to computing LSIs after ACLR, EPIC indexes were calculated for the muscle strength of knee extension and flexion using the Equation (2) [36]:


EPIC = ((Involved Limb (after ACLR))/(Uninvolved Limb (initial evaluation)) × 100



(2)







To determine limb-to-limb differences of the uninvolved knee extension and flexion between the initial testing before ACLR and the second one after ACLR, we calculated the EPIC indexes for the uninvolved, healthy limb (EPIC-H) using the Equation (3) [37]:


EPIC-H = ((Uninvolved Limb (after ACLR))/(Uninvolved Limb (initial evaluation)) × 100.



(3)







A cut-off of 90% was operationally defined as achieving symmetry for all indexes, which is a generally accepted RTS criterion that allows returning to sport activities [15,23,31].




2.4. Statistical Analysis


All results were checked for normality and subsequently reported as mean and standard deviation (SD). Statistical analysis was performed using SPSS (version 25, IBM Corporation Armonk, New York, NY, USA). Chi-square test and independent samples t-test following the Levene’s test for equality of variances were used to determine the difference between the groups with secondary ACL injury and without secondary injury. The Shapiro–Wilks test for normality was used to verify the adherence to normality assumptions. Statistical significance was set at p < 0.05.



The adequacy of sample size was verified by power and sample size calculator using power analysis considering descriptive data of postoperative LSI, EPIC and EPIC-H for knee extension muscle strength (with an alpha of 0.05 and for a power of 0.8) [39].



To assess the predictive value of 90% cut-off criterion of LSI and EPIC levels for the secondary injury risk, sensitivity, specificity, and positive and negative likelihood ratios (LRs) as described by Herbert [40] as well as the positive predictive value (PPV) and negative predictive value (NPV) as suggested by Trevethan [41] were calculated. For calculation of sensitivity, specificity, and positive and negative likelihood ratios (LRs) with 95% confidence intervals (CIs), the web-published tool was used [40].





3. Results


3.1. Baseline Patient Characteristics


Demographic characteristics as well as physical and activity measurements taken on preoperative patient evaluation are presented in Table 1.



A secondary ACL injury appeared in 12 patients. Patients who sustained a secondary ACL injury were younger than those who did not. There were no gender differences between the groups. In our cohort, 41% of patients (n = 26) were females and 59% were males (n = 37), which is similar to the published data on patients with ACL injuries in the USA (59.5% males, 40.5% females) [42]. Moreover, other demographic and descriptive data did not significantly differ between the groups. Patients with a secondary injury had significantly shorter time form injury to ACLR compared to the no secondary injury group.




3.2. Muscle Strength Testing Results


Patients completed the initial knee extension and flexion strength testing of the involved and uninvolved limb just before ACLR. ACLR was performed at a mean ± SD of 8.5 ± 9.03 months after injury. The second testing was performed at approximately 6 months after ACLR (mean ± SD 5.7 ± 1.0 months).



Thirteen (20.6%) patients achieved over 90% postoperative LSI for knee extension strength, 35 (55.6%) patients achieved over 90% postoperative LSI for knee flexion strength. Twenty-one patients (33%) achieved over 90% preoperative LSI for knee extension strength, 41 (65%) patients achieved over 90% preoperative LSI for knee flexion strength. Only 8 (12.7%) patients met over 90% EPIC knee extension strength levels (comparing the involved limb at approximately 6 months after ACLR to the uninvolved limb before ACLR) and none of them suffered a secondary ACL injury. Forty-one (65.1%) patients met over 90% EPIC knee flexion strength levels. Eight of the 13 patients who achieved postoperative 90% LSI for knee extension did not achieve 90% EPIC levels for knee extension strength 6 months after ACLR.



Fifteen of the 21 patients who achieved preoperative 90% LSI for knee extension did not achieve 90% EPIC levels for knee extension strength 6 months after ACLR. In these patients, the mean knee extension strength deficit ranged from 89.9% to 37.1% (Table 2), and the mean knee flexion strength deficit ranged from 89.8% to 52.6% (Table 3).



In the group of patients with secondary injury, three (2 ipsilateral ACL reinjuries, 1 contralateral ACL injury) of the 12 patients passed 90% of the preoperative LSI return-to-sport criteria in knee extension strength test 6 months after the initial ACLR, but none of these 3 achieved 90% EPIC levels (Table 4). In 10 of the 12 patients with a secondary ACL injury a significant knee extension muscle weakness of the uninvolved limb (EPIC-H) of a mean 17.5% ± 5.9 (p = 0.001) between testing before and after ACLR occurred (Table 2).



Twelve patients sustained a secondary ACL injury (median time from ACLR to secondary injury was 96 weeks; range 38–246 weeks) (Table 4).



The group with a secondary ACL injury had a statistically significantly higher preoperative extensor (p = 0.001) and flexor (p = 0.022) muscle strength of the uninvolved knee. Higher peak torque values of flexor and extensor muscles of the involved limb were observed in a group of patients with a secondary injury compared to the patents with no secondary injury (although this difference was not statistically significant in all variables) at preoperative and postoperative testing was observed (Table 2 and Table 3). This might be associated with shorter time from injury to ACLR in patients with a secondary injury.



In the secondary injury group, we observed a significantly lower preoperative LSI, but higher (though not significantly) postoperative LSI, significantly higher EPIC and EPIC-H levels for extension compared to the no secondary injury group. Indexes for flexion did not differ significantly between the groups.




3.3. Sensitivity and Specificity of Muscle Strength Indexes


Indexes for extensor muscle strength had superior sensitivity to indexes of flexion muscle strength but very low specificity (Table 5). The use of 90% EPIC extension levels or 90% preoperative LSIe as a cut-off diagnostic criterion was superior to 90% postoperative LSIe in predicting secondary ACL injuries.





4. Discussion


The current study shows that knee extension strength EPIC levels and preoperative LSI for extension are more sensitive in predicting a secondary ACL injury compared to the postoperative LSI, which is commonly used for determining the time for RTS. All patients who suffered a secondary injury had statistically greater knee extensor muscle strength loss of the uninvolved limb compared to uninjured patients. This demonstrates that knee extension strength at 6 months after the initial ACLR does not guarantee that pre-injury strength levels of the uninvolved limb have been met and can inflate the LSI post-operatively. Thus 3 of the 12 secondary injuries might have been prevented if the RTS decision had been based on EPIC levels. This study supports evidence from previous observations by Wellsandt et al. [36] who found that 6 of the 8 patients who sustained a secondary ACL injury after ACLR achieved postoperative LSI of 90% but did not achieve 90% EPIC levels. Additionally, in patients who sustained secondary ACL injury after ACLR, greater differences in LSI of preoperative knee extension strength and EPIC levels were found. Piussi et al. 2020 [35], however, found no difference in the proportion of patients who recovered their postoperative knee extension and flexion absolute muscle strength compared to the patients who recovered their postoperative LSI at 8- and 12-months post ACLR. It should be stressed that the authors did not study the incidence of secondary ACL injuries.



In our study, only 1 of the 5 patients achieved criterion of 90% LSI, and only 1 of the 8 patients achieved 90% of EPIC levels at 6 months after ACLR. This finding is consistent with other studies reporting that 6 months after ACLR, most patients have not yet recovered their knee extension muscle strength deficits [15,24]. Furthermore, the patients with postoperative LSI lower than 80% have been reported to exhibit deficits even two years after ACLR [43,44]. Similarly, others have found that more symmetrical preoperative limb-to-limb knee extensor muscle strength above 80% has a positive influence on ACLR outcomes even two years after ACLR [37,38]. Low rates of patients passing this criterion raise concerns regarding the adequacy of the rehabilitation protocols used. On the other hand, it has been proven that patients undergoing supervised rehabilitation/physiotherapy with routine measurements of knee strength at different time points during rehabilitation can restore (LSI ≥ 90%) knee extension and flexion muscle strength 6 months after ACLR [45,46].



The decreased knee extension muscle strength of the uninvolved limb (EPIC-H) observed in this study likely indicates that a subgroup of patients exists in whom reduced physical activity may result in larger compensatory adaptations. The mean preoperative knee extension muscle strength of the uninvolved limb was statistically higher (p = 0.001) in the group of patients with a secondary ACL injury compared to patients without secondary injury. This might explain why stronger individuals suffer a greater strength decrease of the uninvolved knee extensor muscle and have larger between-limb asymmetry and are therefore at a higher risk of a secondary injury. Persistent asymmetrical knee extension strength is associated with asymmetrical knee biomechanics and plays an important role in the incidence of any knee injury, contralateral and ipsilateral ACL graft reinjury [11,23,27,28], which might be a case in our cohort study.



In our study, LSI of preoperative knee extension and EPIC for extensor muscles had higher sensitivity compared to other tested indexes and could be considered as more reliable predictive factors for second injury compared to other investigated indexes. Although both preoperative knee extension LSI and EPIC have high sensitivity for predicting second ACL injury, they have low specificity, which means that the percentage of correctly identified cases that will not suffer second injury is very low due to a low proportion of patients that reach the cut-off 90% preoperative LSI and EPIC. Consequently, there is a high proportion of false positive results of these tests. However, it has to be noted that in screening predictive values are more relevant than sensitivity and specificity [41]. In all indexes, we have observed relatively low positive predictive values and high negative predictive values; in this view, the indexes are better predictors for no reinjury.



This indicates the necessity for the surgeon to apply these indexes before primary ACLR to identify the patients at a higher risk for secondary injury. The risk of secondary injury, resulting from preoperative limb asymmetry, could be minimized by using an extended preoperative rehabilitation protocol. During waiting for the ACLR patients should be empowered to pursue a more intensive preoperative rehabilitation protocol and should undergo a follow up testing. Moreover, by adopting a preseason testing strategy in the population at a higher risk for ACL, injury could be a good criterion to provide patient-specific rehabilitation milestones after ACLR. Thus, the use of reference matched age, sex and sport specific values could also present a good strategy to patient-specific preinjury data, but literature is still sparse and evolving [21,47].



While in our cohort significant differences in time form injury to surgery were detected between tested groups, we did not find a significant association between the time from the ACL injury to the initial uninvolved limb testing (before ACLR) and EPIC levels, which is in line with the results of Wellsandt et al. [31] who found that the time form ACL injury to the initial involved-to-uninvolved limb testing did not impact muscle strength and EPIC levels.



This study provides evidence for the superiority of preoperative LSI and EPIC over generally used postoperative LSI in estimating the risk of a secondary ACL injury. We have observed that the preoperative muscle strength of the uninvolved limb (EPIC-H) is not restored sufficiently after ACLR in patients with a secondary injury. The study indicates a potential importance of preoperative knee extension LSI and EPIC to differentiate between low-risk and high-risk patients for a secondary ACL injury who need a better rehabilitation plan depending on degree of limb asymmetry. Our study provides additional data to support the existing body of literature, which emphasizes the importance of preoperative rehabilitation to achieve a better preoperative LSI before ACLR. Rehabilitation after ACLR should focus more on the uninvolved limb so that the involved limb would have to reach even a higher criterion to achieve 90% EPIC levels for RTS and possibly decrease the number of secondary knee injuries, which is of uttermost importance. While we still do not know the optimal contents of an RTS test battery, our study highlights that rigorous knee strength testing of both limbs should be included as an objective RTS criterion to evaluate the patients after ACLR for a safe clearance to RTS.



The limitations of our study include its retrospective nature and lack of more detailed data on patients’ preinjury activities, type of exercises, and rehabilitation program between the initial ACL injury and preoperative ACLR testing and other factors associated with reinjury. The study population consist of both recreational and some professional athletes participating in pivoting sports, but only basic data on the type and intensity of physical activity (Tegner activity score) were collected. On the other hand, an important strength of the study is that all patients were operated by the same surgeon with the same technique and underwent the same rehabilitation protocol, thus minimizing the variability of treatment.



A prospective study design in further research could allow a better assessment of different factors affecting the occurrence of secondary injuries, especially different activity measures, and verification of preoperative rehabilitation protocols, to achieve mor symmetrical preoperative LSI to increase the efficiency of postoperative rehabilitation and minimize the risk of reinjury. A multicentric research would provide verification and generalization of these findings.




5. Conclusions


The results of this study suggest that EPIC as well as preoperative LSI of knee extensors predict secondary ACL injuries better than postoperative LSI. While the postoperative LSI did not differ significantly different between the groups, the preoperative LSI revealed a larger limb asymmetry in patients who sustained a secondary ACL injury. Patients with secondary ACL injuries suffer greater muscle loss of knee extensor muscle strength of the injured as well as of the uninvolved limb between preoperative and post ACLR testing (presented as EPIC levels), compared to the patients without secondary injuries no-reinjury group.



The findings of the study highlight the importance of muscle strength testing and muscle strengthening in the rehabilitation programs for preventing of secondary injuries and maintenance of long-term effects of ACLR.
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Abbreviations




	ACL
	Anterior Cruciate Ligament



	ACLR
	Anterior Cruciate Ligament Reconstruction



	EPIC
	Estimated preinjury capacity



	EPIC-H
	Estimated preinjury capacity of the healthy leg



	LSI
	Limb symmetry index



	RTS
	Return to sport
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Table 1. Patient demographic data and preoperative measurements.






Table 1. Patient demographic data and preoperative measurements.





	
Factor

	
All

(n = 63)

	
No secondary Injury

(n = 51)

	
Secondary Injury

(n = 12)

	
Difference between Groups




	

	
Mean (SD)

	
Mean (SD)

	
Mean (SD)

	
p Value






	
Age (yrs)

	
34.7 (12.3)

	
36.2 (12.1)

	
28.3 (11.7)

	
0.045*




	
Body Mass (kg)

	
76.7 (17.3)

	
76.1 (18.8)

	
79.0 (10.0)

	
0.611




	
Body Height (cm)

	
174.9 (0.1)

	
174.0 (8.7)

	
178.6 (9.6)

	
0.112




	
Body mass index (kg/m2)

	
24.9 (4.4)

	
24.9 (4.8)

	
24.7 (1.9)

	
0.888




	
Tegner Activity score

	
6.7 (1.5)

	
6.5 (1.4)

	
7.2 (1.6)

	
0.064




	
Gender, male/female, n

	
37/26

	
29/22

	
8/4

	
0.535




	
Time from injury to surgery (months)

	
8.5 (9.03)

	
11 (10.01)

	
3.4 (2.3)

	
0.001 *








* indicates significant difference (p ≤ 0.05) of mean values between secondary injury and no secondary injury groups (independent sample t-test). For gender differences between groups, chi-square test was used.
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Table 2. Mean peak torque (Nm) values for knee extension, LSI, and comparison between groups with secondary ACL injury and without secondary injury.






Table 2. Mean peak torque (Nm) values for knee extension, LSI, and comparison between groups with secondary ACL injury and without secondary injury.





	
Extension




	

	
Preoperative

	
Postoperative

	




	
Group

	
n

	

	
Peak Torque—ACL Injury

	
Peak Torque—Uninvolved

	
LSI

	
Peak Torque—ACLR

	
Peak Torque—Uninvolved

	
LSI

	
EPIC

	
EPIC-H






	
All

	
63

	
Mean

(SD)

	
161,8

(58.2)

	
200.3

(63.9)

	
82.4

(19.3)

	
149.2

(52.9)

	
198.8

(57.5)

	
78.7

(14.3)

	
75.5

(16.8)

	
96.1

(13.6)




	
No secondary injury

	
51

	
Mean

(SD)

	
159.9

(59.0)

	
186.3

(55.1)

	
87.1

(17.7)

	
144.04

(53.1)

	
183.9

(56.6)

	
78.3

(15.0)

	
77.7

(17.4)

	
99.34

(12.9)




	
Secondary injury

	
12

	
Mean

(SD)

	
170.0

(56.1)

	
259.9

(66.6)

	
65.8

(15.2)

	
170.9

(47.9)

	
214.6

(56.6)

	
80.3

(11.3)

	
66.0

(9.1)

	
82.5

(5.9)




	
Sig. (p value)

	

	

	
0.593

	
<0.001 *

	
0.001 *

	
0.114

	
0.096

	
0.663

	
0.028 *

	
<0.001 *








* indicates significant difference (p ≤ 0.05) of mean values between groups with secondary injury and without secondary injury (t-test). ACL injury—limb after anterior cruciate injury; ACLR—limb after anterior cruciate ligament reconstruction; LSI—limb symmetry index; EPIC—estimated preinjury capacity; EPIC-H—EPIC of uninvolved limb.
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Table 3. Mean peak torque (Nm) values for knee flexion, LSI, and comparison between groups with secondary ACL injury and without secondary injury.
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Flexion




	

	
Preoperative

	
Postoperative

	




	
Group

	
n

	

	
Peak Torque—ACL Injury

	
Peak Torque—Uninvolved

	
LSI

	
Peak Torque—ACLR

	
Peak Torque—Uninvolved

	
LSI

	
EPIC

	
EPIC-H






	
All

	
63

	
Mean

(SD)

	
120.1

(36.3)

	
126.8

(42.0)

	
96.9

(19.2)

	
116.1

(34.9)

	
123.0

(38.2)

	
93.0

(14.0)

	
94.4

(18.6)

	
102.0

(13.9)




	
No secondary injury

	
51

	
Mean

(SD)

	
116.4

(34.5)

	
121.0

(37.9)

	
98.4

(18.8)

	
113.6

(35.7)

	
123.7

(37.1)

	
92.6

(12.6)

	
96.1

(19.0)

	
104.0

(16.2)




	
Secondary injury

	
12

	
Mean

(SD)

	
135.8

(41.3)

	
151.5

(50.6)

	
91.6

(13.9)

	
126.4

(30.7)

	
137.8

(42.4)

	
94.6

(19.4)

	
87.0

(15.6)

	
93.6

(16.8)




	
Sig. (p value)

	

	

	
0.097

	
0.022 *

	
0.222

	
0.258

	
0.251

	
0.664

	
0.127

	
0.052








* indicates significant difference (p ≤ 0.05) of mean values between groups with secondary injury and without secondary injury (t-test). ACL injury—limb after anterior cruciate injury; ACLR—limb after anterior cruciate ligament reconstruction; LSI limb symmetry index; EPIC—estimated preinjury capacity; EPIC-H—EPIC of uninvolved limb.
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Table 4. Patients with secondary ACL injuries and LSIs and EPIC levels of knee extension strength.
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	Patient
	Time from ACLR to Secondary ACL Injury, wk
	LSIe

Preoperative
	LSIe

Postoperative
	EPICe
	Side of Injury





	1
	220
	60
	64
	56
	ipsilateral



	2
	215
	80
	95
	74
	ipsilateral



	3
	58
	62
	84
	72
	ipsilateral



	4
	101
	90
	100
	82
	ipsilateral



	5
	39
	43
	75
	64
	ipsilateral



	6
	146
	46
	80
	64
	ipsilateral



	7
	92
	51
	72
	65
	ipsilateral



	8
	38
	78
	80
	64
	ipsilateral



	9
	42
	56
	78
	58
	contralateral



	10
	50
	72
	62
	58
	ipsilateral



	11
	246
	80
	90
	81
	contralateral



	12
	193
	77
	82
	63
	ipsilateral







LSIe—limb symmetry index for extensor muscles; EPICe—estimated preinjury capacity for extensor muscles.
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Table 5. Sensitivity and specificity of muscle strength indexes as tests for prediction of second ACL injury.
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	LSIe Preop
	LSIf Preop
	LSIe Postop
	LSIf Postop
	EPICe
	EPICf





	Sensitivity
	0.92
	0.5
	0.75
	0.5
	1
	0.5



	95% CI
	0.65–0.99
	0.25–0.75
	0.47–0.91
	0.43–0.69
	0.76–1
	0.25–0.75



	Specificity
	0.41
	0.68
	0.21
	0.57
	0.15
	0.68



	95% CI
	0.29–0.55
	0.55–0.80
	0.12–0.35
	0.61–2.22
	0.08–0.28
	0.55–0.80



	Positive LR
	1.55
	1.95
	0.956
	1.15
	1.18
	1.59



	95% CI
	1.17–2.07
	0.79–3.20
	0.67–1.37
	0.48 -1.63
	1.05–1.34
	0.79–3.20



	Negative LR
	0.20
	0.72
	0.159
	0.87
	0
	0.72



	95% CI
	0.03–1.36
	0.40–1.32
	0.38–3.52
	0.37–4.65
	-
	0.40–1.32



	PPV
	0.26
	0.27
	0.18
	0.21
	0.23
	0.27



	NPV
	0.95
	0.85
	0.87
	0.82
	1
	0.85







LSIe—limb symmetry index for extensor muscles; EPICe—estimated preinjury capacity for extensor muscles; LSIf—limb symmetry index for flexor muscles; EPICf—estimated preinjury capacity for flexor muscles; LR—likelihood ratio; PPV—positive predictive value; NPV—negative predictive value.
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