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while only one study investigated substantially higher loads 
(500 N).
Conclusions Despite common trends demonstrating the 
effects of pretensioning and preconditioning, no clear con-
sensus regarding an optimal protocol, magnitude, or modal-
ity could be identified within the currently available relevant 
literature. Further multidisciplinary research is required 
before an optimal or consensus protocol can be established 
for soft tissue ACL reconstruction. Regardless, the current 
biomechanical literature demonstrates the potential clini-
cally beneficial effects of pretensioning and precondition-
ing, including reduced graft elongation and greater preser-
vation of graft tension and stiffness following fixation.
Level of evidence Systematic review, Level II.

Keywords Soft tissue grafts · Hamstring graft · 
Preconditioning · Pretensioning · Anterior cruciate 
ligament reconstruction · Systematic review

Introduction

Clinical outcomes following anterior cruciate ligament 
(ACL) reconstructions are influenced by multiple variables 
including graft selection, biology, biomechanical proper-
ties, reconstruction technique, tunnel placement, initial 
graft tension, fixation method, and post-operative reha-
bilitation [1, 7–9, 12, 14, 16, 18, 21, 24, 26]. Additional 
intrinsic factors of soft tissue grafts, including viscoelastic 
properties, can lead to stress relaxation and graft elonga-
tion post-operatively and result in continued knee laxity 
[2, 4, 5, 10, 19, 23, 25–27]. Pretensioning and precondi-
tioning protocols are often implemented prior to final fixa-
tion to obviate post-operative viscoelastic graft elongation 
[2, 4, 5, 19].

Abstract 
Purpose Pretensioning and preconditioning of soft tissue 
grafts are often performed to obviate graft stress relaxation 
and elongation due to viscoelastic graft properties follow-
ing anterior cruciate ligament (ACL) reconstruction. It was 
hypothesized that a consensus could be identified in the 
current literature regarding the biomechanical effects and 
clinical benefits of an optimal protocol.
Methods A systematic electronic literature search was 
performed by two independent reviewers to identify rel-
evant publications. Only studies describing and/or com-
paring pretensioning or preconditioning protocols of soft 
tissue grafts or equivalent animal research models were eli-
gible for inclusion. Study design, graft type, and protocol, 
including method, magnitude, mode (cyclic and/or static 
loading), and duration of load application, were compared. 
Research results and clinical conclusions were also evalu-
ated for each study.
Results Five studies, including four in vitro biomechani-
cal investigations and one histological analysis of patient 
tissue, met the predefined criteria for inclusion. Studies 
described numerous pretensioning and/or preconditioning 
protocols with varying force, time, and application modali-
ties for multiple soft tissue graft types and animal models. 
The majority of studies (80 %) utilized at least one preten-
sioning or preconditioning protocol between 80 and 89 N, 
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The use of soft tissue grafts, particularly hamstrings, for 
ACL reconstruction has increased in recent years [7, 8, 12, 
20, 22] and has been reported to be the preferred graft in 
the majority of ACL reconstructions performed globally 
[17, 22]. Despite increasing popularity, significant uncer-
tainty exists regarding pretensioning and/or precondition-
ing protocols for soft tissue ACL reconstruction [3, 6]. 
Current time zero biomechanical research suggests pre-
tensioning and preconditioning protocols impart improved 
time zero graft characteristics including reduced graft elon-
gation following fixation and greater post-operative preser-
vation of graft tension and stiffness [4, 6, 15, 19]. However, 
the biomechanical basis of current clinical protocols and 
loads is unclear. Therefore, the purpose of this review was 
to systematically survey the current literature and deter-
mine whether an optimal pretensioning and/or precondi-
tioning protocol or methodological consensus exists. It was 
hypothesized that a consensus could be identified in the 
current literature regarding an optimal protocol in addition 
to its biomechanical effects and clinical benefits. Further-
more, this review also sought to identify current knowledge 
gaps and guide necessary areas of future research.

Materials and methods

This systematic review was conducted according to the 
guidelines outlined by the Cochrane Handbook [13].

Criteria for inclusion in this review

Types of studies

In vivo and in vitro studies describing and/or comparing 
soft tissue pretensioning or preconditioning protocols were 
eligible for inclusion.

Types of specimens

Studies that utilized human soft tissue grafts or appropriate 
animal models were eligible for inclusion. Studies describ-
ing pretensioning or preconditioning protocols for grafts 
not exclusively composed of soft tissue, e.g. bone–patellar 
tendon–bone (BTB), were not included in the analysis.

Types of interventions

Duplicates in the database search query results were manu-
ally removed. Only studies available in English were eli-
gible for inclusion. Studies without implications for ACL 
reconstruction were also excluded as the primary focus of 
the review was to identify pretensioning and precondition-
ing protocols utilized for soft tissue ACL reconstruction.

Types of outcome measures

Data were compiled using a spreadsheet (Microsoft Corp, 
Redmond, WA, USA). Demographic data, including 
authors, year of publication, and publishing journal, were 
recorded. Study data including study design, graft type, 
pretensioning/preconditioning load, time, mode of appli-
cation, quantitative comparative metrics, and study con-
clusions were extracted and reported. Additional relevant 
descriptive data were extracted based on the individual 
study design. Data were deemed relevant by consensus 
between reviewers. Commonly reported measurements 
and extracted variables included graft elongation (creep) 
removed during pretensioning or preconditioning (mm), 
graft tension at specific time points after fixation (N), graft 
stiffness (N/mm), ultimate failure strength (N), changes 
in collagen fibrillar ultrastructure (cohesion, integrity, and 
parallelism) after pretensioning, and graft elongation dur-
ing cyclic loading (mm).

Search strategy

A systematic electronic search was performed using the 
MEDLINE, EMBASE, and Cochrane databases by two inde-
pendent reviewers (KAJ and BTW). The systematic search 
was performed in July, 2014. The following key search terms 
were used in all fields: “soft tissue” AND “preconditioning”, 
“soft tissue” AND “precondition”, “soft tissue” AND “pre-
tensioning”, “soft tissue” AND “pretension”, “hamstring” 
AND “preconditioning”, “hamstring” AND “precondition”, 
“hamstring” AND “pretensioning”, and “hamstring” AND 
“pretension”. Select orthopaedic and sports medicine jour-
nals were also independently searched from July 2013 to 
July 2014 to identify any studies that may not yet be search-
able through the queried databases including The American 
Journal of Sports Medicine, Archives of Orthopaedic and 
Trauma Surgery, Arthroscopy: The Journal of Arthrocopic 
and Related Research, The Bone and Joint Journal, Clinical 
Orthopaedics and Related Research, The Journal of Bone 
and Joint Surgery, Journal of Orthopaedic Research, and 
Knee Surgery Sports Traumatology Arthroscopy. Following 
the identification of articles for inclusion from the primary 
search queries, the bibliographies of the included studies 
were manually reviewed for any additional relevant literature 
describing and/or comparing soft tissue graft pretensioning 
or preconditioning protocols.

Data collection and analysis

Selection of studies

Following removal of duplicates (173) and non-English 
articles (35), results were screened by title and abstract by 
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two independent reviewers. Articles pertaining to, describ-
ing, and/or comparing soft tissue graft pretensioning and/or 
preconditioning protocols relevant to ACL reconstruction 
based on information available in the title and abstract were 
selected for full-text review (Fig. 1). If the title and abstract 
review was in anyway inconclusive, then full-text review 
was performed. Disagreements between reviewers concern-
ing inclusion eligibility were resolved by consensus.

Data extraction and management

Data describing pretensioning and preconditioning tech-
niques were extracted using predefined and standardized 
spreadsheets. For such purposes, pretensioning was defined 
as graft loading prior to implantation, while precondition-
ing referred to intra-articular graft loading (or simulated 
equivalents) following fixation at one end [19]. For con-
sistency and comparison, these designations were applied 
independent of the nomenclature used in individual studies. 
Both reviewers independently extracted data with any dis-
crepancies resolved by consensus.

Results

Database queries yielded a total of 371 articles [MED-
LINE (99), Cochrane Libraries (6), EMBASE (123), and 

other orthopaedic journals (143)] (Fig. 1). After remov-
ing duplicates (173), non-English articles (35), and articles 
without ACL reconstruction implications (104), 59 studies 
remained. Title and abstract screening removed 43 studies 
and identified 16 studies for full-text review. Both reviewers 
independently selected the same four studies for inclusion 
[4, 11, 15, 19]. Independent bibliographic review of the four 
included studies identified one additional article [6] for a 
final total of five. Included studies were published between 
2004 and 2012, had a different first author, and were pub-
lished in four orthopaedic journals including The American 
Journal of Sports Medicine [4, 19], Arthroscopy: The Jour-
nal of Arthrocopic and Related Research [15], The Knee [6], 
and Knee Surgery Sports Traumatology Arthroscopy [11].

Study design

Human tissue grafts, including anterior tibialis, quadruple-
strand semitendinosus/gracilis, and 4-strand semitendino-
sus, were utilized in the majority of studies (3/5, 60 %) [4, 
11, 19]. The two remaining studies utilized porcine models 
for biomechanical testing [6, 15]. In vitro biomechanical 
investigations were the most common (4/5, 80 %) [4, 6, 15, 
19]. Only one study utilized human patient tissue, which 
was only analysed histologically [11]. No in vivo investi-
gations, clinical trials, or patient outcomes studies were 
described in the articles meeting the inclusion criteria.

Fig. 1  Diagram illustrating the decision factors and quantifying the selection, inclusion, and exclusion of studies for review
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Pretensioning and preconditioning protocols

Complete study descriptions of pretensioning and precon-
ditioning protocols are displayed in Table 1. Pretensioning 
protocols were generally longer, ranging in duration from 
15 min [4, 15, 19] to 30 s [11]. Standardized instrumented 
preconditioning methods were typically shorter and ranged 
in duration from 5 min [15] to 100 s [19] for static proto-
cols, while all described cyclic protocols utilized 25 cycles 
over a period of 100 s (0.25 Hz) [4, 19].

For pretensioning techniques, applied forces ranged 
from 80 N to 500 N; however, the majority of studies (4/5, 
80 %) described at least one pretensioning load within the 
relatively narrow range of 80–89 N [4, 6, 15, 19]. Among 
studies describing an instrumented preconditioning proto-
col, both cyclic and static modalities utilized a maximum 
applied force between 80 N and 89 N [4, 15, 19].

Efficacy of pretensioning and preconditioning protocols 
were assessed via quantitative comparisons of changes in 
graft length (elongation), displacement, graft ultimate fail-
ure load, stiffness, and graft tension [4, 6, 15, 19] (Table 2). 
Histological analysis was only reported in a single study 
[11].

Discussion

The most important finding of this systematic review was 
the identification of commonalities among pretensioning 
and preconditioning protocols, including a limited range 
of magnitude and duration of applied forces. However, 
given the combination of the limited number of studies and 
the variability of design and reported results, neither a con-
sensus nor optimal protocol could be confidently identified 
from the information available in the current literature.

Four of the five included studies presented some data 
demonstrating the beneficial biomechanical effects of preten-
sioning and/or preconditioning. Elias et al. [4] demonstrated 
that an increased load during pretensioning (160 N vs. 80 N) 
reduced, but did not completely eliminate the subsequent loss 
of graft tension and stiffness following final graft fixation. 
Lee et al. [15] reported that intra-articular static precondition-
ing resulted in a significant reduction in graft elongation dur-
ing cyclic loading compared with a maximal manual precon-
ditioning both with and without static pretensioning. Figueroa 
et al. [6] reported that pretensioning removed graft elongation 
(3 %) relative to non-pretensioned controls; however, ultimate 
load-to-failure of pretensioned grafts was significantly lower. 
Finally, Nurmi et al. [19] reported higher initial tensions fol-
lowing interference screw insertion for both static and cycli-
cally preconditioned grafts compared with unconditioned 
controls. However, only cyclically preconditioned grafts dem-
onstrated significantly higher graft tension after 10 min.

Collectively, the findings of the included studies indicate 
future research is required to more conclusively determine 
optimal pretensioning and preconditioning protocols to 
be used for ACL reconstruction. Despite common litera-
ture trends, including magnitude, mode, and duration of 
applied forces, there is insufficient data to draw meaning-
ful conclusions regarding consensus or biomechanically 
and clinically optimal protocols. Data from Elias et al. [4] 
and Nurmi et al. [19] suggest that higher load protocols 
have not been sufficiently investigated and optimized given 
that significant graft stress relaxation was observed fol-
lowing “clinically practical” loading protocols and ranges 
described in the majority of included studies [4, 6, 15, 
19]. Specifically, Nurmi et al. [19] reported that 60 % of 
the initial graft tension may be lost in the first hour when 
grafts are pretensioned using “clinically practical” proto-
cols (15 min @ 88 N). Elias et al. [4] suggests that higher 
loads may be beneficial; however, Figueroa et al. [6] and 
Guillard et al. [11] have questioned the adverse effects of 
pretensioning loads on ultimate failure strength and colla-
gen ultrastructure, respectively. Based on the available lit-
erature, it would seem that several questions have yet to be 
sufficiently investigated and answered.

Furthermore, all articles meeting the criteria for inclusion 
involved time zero analysis. Consequently, the long-term 
clinical results and patient outcomes following such protocols 
are largely unknown. With only five studies found through 
database searching and bibliographic review, it is clear that 
additional interdisciplinary research and quantitative com-
parisons of different pretensioning and preconditioning pro-
tocols, particularly using higher applied loads, are required. 
Results from Guillard et al. [11] suggest that substantially 
higher pretensioning loads (500 N) could potentially be used; 
however, such loads must be applied transiently (less than 
30 s) to minimize destructive changes to collagen ultrastruc-
ture. Yet, the effects of such loads on graft biomechanical 
properties (stiffness, stress relaxation, ultimate failure, etc.) 
are not sufficiently investigated within the current literature. 
The authors believe that additional investigations are required 
to identify an optimal pretensioning and/or preconditioning 
protocol (load, duration, etc.) to impart ideal biomechani-
cal graft properties at time zero without negatively impact-
ing graft biomechanical or histological properties over the 
long term. Ultimately, randomized controlled trials evaluat-
ing patient outcomes following various soft tissue graft pre-
tensioning or preconditioning protocols will be required to 
evaluate the clinical efficacy. Nonetheless, based on currently 
available biomechanical research, the authors believe that the 
surgical implementation of pretensioning and preconditioning 
protocols is necessary to obviate some of the potential viscoe-
lastic consequences of soft tissue graft reconstruction during 
the post-operative period including graft elongation and loss 
of both graft tension and stiffness.
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The authors acknowledge the limitations of the present 
review. Foremost, the present study excluded non-English 
articles. Reviewing non-English articles may have con-
tributed additional relevant information; however, due to 
time and the required translation, these articles could not 
be included. Furthermore, the identification of all relevant 
articles, accidental removal of any relevant papers during 
abstract and full-text review, or errors in data extraction is 
a concern. However, both of the reviewers independently 
queried a comprehensive set of databases and individual 
journals, identified articles for inclusion, and extracted all 
data from relevant studies. Therefore, the authors are con-
fident both in the articles included and the extracted data 
presented in this review.

Conclusions

Given the limited number of studies and variable results, 
neither an optimal nor consensus pretensioning or precon-
ditioning protocol for soft tissue ACL reconstruction was 
established from the current relevant literature. Future 
multidisciplinary research is required and should focus on 
quantifying and comparing different (higher load) preten-
sioning and preconditioning protocols using biomechani-
cal, histological, and clinical metrics to optimize the time 
zero and long-term properties of soft tissue grafts used for 
ACL reconstruction. Nevertheless, common trends demon-
strating the potential clinically beneficial effects of preten-
sioning and preconditioning at time zero were observed, 
including reduced graft elongation following fixation and 
improved preservation of graft tension and stiffness in the 
immediate post-operative period.
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