
Ligament reconstruction using tendon grafts is commonly 
employed for the treatment of ligamentous insufficiency. 
Running stitches that penetrate the tendon with a needle, 
such as locking Krackow stitch and non-locking whip 
stitch, have been widely used for graft preparation.1-3) 

Since tendon penetration with a needle is time-consuming 
and risks tendon damage,4) some surgeons have advo-
cated needleless stitches.4-6) Needleless stitches such as a 
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Background: The purpose of this study was to quantify and compare the biomechanical characteristics of a new locking loop 
stitch (LLS), developed utilizing the concepts of both running locking stitch and needleless stitch, to the traditional Krackow stitch.
Methods: The Krackow stitch with No.2 braided suture and the LLS with 1.3-mm augmented polyblend suture tape were compared 
biomechanically. The LLS was performed with single strand locking loops and wrapping suture around the tendon, resulting in half 
the needle penetrations through the graft compared to the Krackow stitch. Twenty bovine extensor tendons were divided randomly 
into two groups. The tendons were prepared to match equal thickness and cross-sectional area. Each suture-tendon was stitched 
and preloaded to 5 N for 60 seconds, cyclically loaded to 20 N, 40 N, and 60 N for 10 cycles each, and then loaded to failure. The 
deformation of the suture-tendon construct, stiffness, yield load, and ultimate load were measured.
Results: The LLS had significantly less deformation of the suture-tendon construct at 100 N, 200 N, 300 N, and at ultimate load 
compared to the Krackow stitch (Krackow stitch and LLS at 100 N: 1.3 ± 0.1 mm and 1.0 ± 0.2 mm, p < 0.001; 200 N: 3.0 ± 0.3 mm 
and 1.9 ± 0.2 mm, p < 0.001; 300 N: 5.1 ± 0.6 mm and 2.9 ± 0.4 mm, p < 0.001; ultimate load: 12.8 ± 2.8 mm and 5.0 ± 1.2 mm, p < 0.001). 
The LLS had significantly greater stiffness (Krackow stitch and LLS: 97.5 ± 6.9 N/mm and 117.2 ± 13.9 N/mm, p < 0.001) and yield load 
(Krackow stitch and LLS: 66.2 ± 15.9 N and 237.9 ± 93.6 N, p < 0.001) compared to the Krackow stitch. There was no significant differ-
ence in ultimate load (Krackow stitch: 450.2 ± 49.4 N; LLS: 472.6 ± 59.8 N; p = 0.290).
Conclusions: The LLS had significantly smaller deformation of the suture-tendon construct compared to the Krackow stitch. The 
LLS may be a viable surgical alternative to the Krackow stitch for graft fixation when secure fixation is necessary.

Keywords: Locking loop, Krackow, Graft, Biomechanics 

Original Article    Clinics in Orthopedic Surgery 2023;15:508-515   •  https://doi.org/10.4055/cios22134

Copyright © 2023 by The Korean Orthopaedic Association
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)  

which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Clinics in Orthopedic Surgery • pISSN 2005-291X    eISSN 2005-4408

Received April 19, 2022; Revised December 7, 2022;  
Accepted December 7, 2022
Correspondence to: Thay Q. Lee, PhD 
Orthopaedic Biomechanics Laboratory, Congress Medical Foundation, 800 
South Raymond Pasadena, CA 91105, USA
Tel: +1-626-314-3661
E-mail: tqlee@congressmedicalfoundation.org

mailto:tqlee@congressmedicalfoundaton.org
http://crossmark.crossref.org/dialog/?doi=10.4055/cios22134&domain=pdf&date_stamp=2023-06-01


509

Itami et al. Locking Loop vs. Krackow Stitch
Clinics in Orthopedic Surgery • Vol. 15, No. 3, 2023 • www.ecios.org

modified finger-trap suture, modified rolling-hitch su-
ture, modified Prusik knot, and Wittstein suture loop are 
performed by wrapping the suture around the tendon to 
increase the contact area between the suture-tendon in-
terface, resulting in increased grip strength and resistance 
against tensile force.5-9)

Secure primary fixation of the graft-bone construct 
is crucial to achieve biological healing.10) There are sev-
eral risk factors for postoperative laxity due to loosening 
of the graft fixation including deformation of the suture-
tendon construct, knot slippage, suture breakage, and 
fracture at the fixation site.11-14) Needleless stitches have a 
risk of the suture unraveling at low tensile load,6,7) result-
ing in postoperative laxity. Consequently, surgeons tend to 
use needleless stitches for handling the graft and running 
stitches for graft fixation. In previous studies comparing 
running locking loops (Krackow stitch) and running non-
locking loops (whip stitch), the Krackow stitch showed less 
deformation of the suture-tendon construct than the whip 
stitch.3,15-17) However, even with the Krackow stitch, more 
than 3-mm deformation of the suture-tendon construct, 
which is one of the criteria of postoperative laxity after 
anterior cruciate ligament reconstruction,18,19) was found 
after cyclic loading to 200 N.20) 

Recently, a wide high-tensile strength polyblend 
suture tape has been gaining popularity as an alternative 
to the conventional high-tensile round suture that poten-
tially achieves a secure suture-tendon construct. As for 
the inherent mechanical properties of suture materials, 
a 1.3-mm-wide suture tape had greater tensile stiffness 
than a No.2 round suture.21) When porcine tendons were 
sutured with Krakow stitch, however, the stiffness of the 
1.3-mm-wide was less than that of the No.2 round su-
ture.22) Hong et al.22) inferred that larger diameter tendon 
holes owing to wider suture penetrations compromised the 
suture-tendon construct. Simple, quick, and secure tendon 
grasping techniques are desired for ligament reconstruc-
tion using tendon grafts. Here, a new suture technique 
called the locking loop stitch (LLS), was developed. It 
incorporated principles of both the running locking stitch 
and needleless stitch using a suture tape that reinforces the 
weak link between the tendon holes and sutures.

The objective of this study was to evaluate the bio-
mechanical properties of the new suture-tendon construct, 
the LLS, and compare it to the widely used Krakow stitch. 
The hypothesis was that deformation of the suture-tendon 
construct of the LLS would be less than that of the Krack-
ow stitch. 

METHODS
Institutional Review Board or Institutional Animal Care 
and Use Committee approval was waived by our institu-
tion for this basic science study.

A total of 20 pre-cut fresh-frozen bovine extensor 
tendons from the forelimbs were used in this controlled 
laboratory study. The tendons were trimmed and prepared 
to size match them across the two groups. The mean ten-
don thickness and mean cross-sectional area of the tendon 
in the two groups were as follows: Krackow, 3.0 ± 0.1 mm 
and 22.6 ± 0.56 mm2, respectively; LLS, 3.0 ± 0.1 mm and 
22.6 ± 0.42 mm2, respectively (p = 0.55). After thawing 
at room temperature, all tendons were prepared and kept 
moist throughout testing with 0.9% saline solution. Ten-
don thickness and cross-sectional area were measured us-
ing an area micrometer.23,24)

Two tendon-grasping techniques were investigated: 
the Krackow stitch and the LLS (Fig. 1). Each tendon was 
randomly divided into two groups (10 tendons per group). 
For each suture configuration, 3 locking loops were per-
formed. The Krackow stitch required 6 needle penetra-
tions through the graft, while 3 penetrations were required 
for the LLS. Each locking loop was sutured at 5-mm inter-
vals. The most distal suture throw was set at a 7-mm dis-
tance from the free end of the tendon. A single orthopedic 
surgeon (YI) performed all tendon grasping sutures.

Krackow Stitch
The Krackow stitch was carried out by locking loops along 

A B

Fig. 1. Photograph showing the prepared suture-tendon constructs of the 
Krackow stitch (A) and locking loop stitch (B).
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each side of the tendon with No. 2 FiberWire (Arthrex, 
Naples, FL, USA). The pitch between suture throws was 
set at 5 mm,1,3) and the distance between the two symmet-
ric strands was 1 mm. Locking loop slack was removed 
using hand tension (Fig. 1A).

Locking Loop Stitch
The LLS was performed with a 1.3-mm-wide SutureTape 
reinforced with a 4-0 suture (Arthrex). The LLS was start-
ed by wrapping the suture around the tendon, followed by 
penetration of the center of both the reinforced SutureTape 
and tendon to make a locking loop at the proximal start-
ing point. For each subsequent throw, a simple wrapping 
suture was performed and followed by needle penetration 
of wrapping suture, the reinforced suture tape, and tendon 
together. Each wrapping throw and locking loop was per-
formed at 5-mm intervals with hand tension to eliminate 
excess suture material within the loops (Figs. 1B, 2, and 3).

Biomechanical Testing 
A material testing machine (Instron, Canton, MA, USA) 
was used to perform biomechanical testing. The clamp 
for the non-sutured side of the tendon graft was mounted 
on an X-Y translator. A hook loading device was attached 
to the crosshead and load cell. The suture construct was 

adjusted so that the direction of loading was perpendicu-
lar to the tendon. Suture strands were tied with 10 square 
knots after wrapping around the hook loading device. The 
initial distance between the lower clamp and the bottom of 
the hook was set at 50 mm (Fig. 4).

Each tendon was preloaded with 5 N for 60 seconds, 
and then cyclic loading was performed from 5 N to 20 N 
for 10 cycles, from 5 N to 40 N for 10 cycles, and from 5 N 

A B C

D E F

Fig. 2. Procedure for the locking loop stitch. (A) The center of both the reinforced polyblend tape and tendon is penetrated by an initial wrapping throw 
to make a locking loop. (B) Slack of the locking loop is removed by hand tension (back side view). (C) The next simple wrapping suture is performed 
distally. (D) The wrapped suture is pinned 5 mm distal to the first throw. (E) The wrapped suture, reinforced by the polyblend tape, and tendon are 
penetrated together to make a second locking loop. (F) Locking loop slack is removed again (back side view).

A B

Fig. 3. Photographs of the final suture-tendon construct of the locking 
loop stitch. (A) Front side view. (B) Back side view. 
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to 60 N for 10 cycles. After cyclic testing, each specimen 
was loaded to failure. The crosshead speed was set at 60 
mm/min for both cyclic testing and load to failure testing.

Measurements
The width and thickness of the suture-tendon constructs 
at the second locking loop were measured before and after 
cyclic testing three times with a digital caliper. Permanent 
dots were marked on the tendon 3 mm proximal to the 
most proximal throw and on the suture 7 mm distal to 
the most distal throw, which corresponded to the end of 
the free tendon. Deformation of the suture-tendon con-
struct was defined as the change in length from the dot on 
the tendon to the dot on the sutures (Fig. 4).17,20) A video 
digitizing system and WINanalyze motion software (Mik-
romak Service) were used to analyze the data. A standard 
ruler was placed adjacent and parallel to the tendon to 
provide a calibration scale.25,26)

For cyclic loading, stiffness, hysteresis at the 10th cy-
cle of each loading condition, and total deformation of the 
suture-tendon construct at the end of each loading condi-
tion were measured. In failure testing, yield load, ultimate 
load, energy absorbed, and deformation at both yield and 
ultimate load as well as failure mode were measured. Also, 
the load at 1, 2, 3 mm of deformation of the suture-tendon 
construct, and deformation of the suture-tendon construct 
at 100 N, 200 N, and 300 N were evaluated. From the load-
displacement curve, the yield point was defined as the 
point where the slope deviated from linear, and ultimate 
point was defined as the peak of the load displacement 
curve. 

Statistical Analysis
Tendon dimensions before and after cyclic testing were 
compared with the Wilcoxon signed-rank test. Compari-
sons of loading properties between the Krackow stitch and 
the LLS were performed with the Wilcoxon rank sum test. 
A sample size calculation was performed using the differ-
ence in ultimate load. Based on the mean and standard 
deviation of the first four specimens in each group (mean 
difference, 40.2; mean standard deviation, 54.3), a total 
of 18 specimens (9 specimens in each group) were deter-
mined as needed to reach α = 0.05 and power (1–β) of 0.80. 
All statistical analyses were performed using JMP software 
package (ver. 11; SAS Institute). A p < 0.05 was considered 
statistically significant.

RESULTS
Cyclic Testing
The width of the Krackow suture-tendon constructs be-
came wider after cyclic loading (p = 0.002). There was no 
significant difference in Krackow suture-tendon construct 
thickness after cyclic loading (p = 0.23). There were no 
significant differences in the LLS suture-tendon construct 
width or thickness before and after cyclic loading (p = 0.92 
and p = 0.19, respectively) (Table 1).

The stiffness of the LLS at cycle 10 of 5–60 N was 
significantly greater than that of the Krackow stitch (p 
= 0.016). Hysteresis in the LLS during cycle 10 was sig-
nificantly smaller than that in the Krackow stitch at each 
loading condition (p = 0.028). Deformation of the suture-
tendon construct in the LLS group was significantly small-
er than that in the Krackow stitch group with each loading 
condition (p = 0.041) (Table 2).

Fig. 4. Photograph of the suture-tendon construct mounted on the Instron 
material testing machine and knotted around the loading hook.

Table 1. Prepared Suture-Tendon Construct Dimensions before and 
after Cyclic Loading

Variable Before cyclic 
loading

After cyclic 
loading p-value

Krackow stitch

   Thickness (mm) 3.9 ± 0.3 3.8 ± 0.3 0.23

   Width (mm) 7.7 ± 0.4 8.1 ± 0.4 0.002

Locking loop stitch

   Thickness (mm) 4.4 ± 0.3 4.5 ± 0.3 0.19

   Width (mm) 5.4 ± 0.2 5.5 ± 0.2 0.92

Values are presented as mean ± standard deviation.



512

Itami et al. Locking Loop vs. Krackow Stitch
Clinics in Orthopedic Surgery • Vol. 15, No. 3, 2023 • www.ecios.org

Load to Failure Testing
The LLS had significantly less deformation of the suture-
tendon construct at 100 N, 200 N, and 300 N, compared 
to the Krackow stitch (Krackow stitch and LLS at 100 N: 
1.3 ± 0.1 mm and 1.0 ± 0.2 mm, p < 0.001; 200 N: 3.0 ± 0.3 
mm and 1.9 ± 0.2 mm, p < 0.001; 300 N: 5.1 ± 0.6 mm and 
2.9 ± 0.4 mm, p < 0.001). The load of the suture-tendon 

construct of the LLS was significantly higher than that 
of the Krackow stitch at 1-, 2-, and 3-mm displacement 
(Krackow stitch and LLS at 1 mm: 81.7 ± 6.7 N and 107.4 
± 18.2 N, p < 0.001, 2 mm: 143.4 ± 12.9 N and 219.1 ± 26.2 
N, p < 0.001, 3 mm: 201.1 ± 16.7 N and 318.1 ± 39.6 N, p < 
0.001). 

The LLS showed significantly higher stiffness (p < 
0.001), yield load (p < 0.001), deformation at yield (p = 
0.002), and energy absorbed to yield load (p < 0.001) than 
the Krackow stitch (Table 3). The LLS had significantly 
lower deformation at ultimate load (p < 0.001) and energy 
absorbed to ultimate load (p < 0.001) than the Krackow 
stitch. There were no significant differences in ultimate 
load between the Krackow stitch and the LLS (p = 0.290). 
All LLS constructs failed by suture breakage. The Krackow 
stitches sequentially failed from the distal loop to the 
proximal loop. For the Krackow stitch, 4 of 10 (40%) failed 
by tendon cut through and 6 of 10 (60%) failed by suture 
breakage in the process of sequential failure. 

DISCUSSION
This study demonstrated that the LLS, a new suture tech-
nique developed with the concept of both running lock-
ing stitch and needleless stitch using a suture tape that 
reinforced the weak link between tendon holes and suture 
tapes, had significantly greater stiffness, yield load, and 
smaller deformation of the suture-tendon construct at 
100 N, 200 N, 300 N, and at ultimate load compared to 
the Krackow stitch. The loads at 1, 2, and 3 mm of defor-

Table 3. Biomechanical Comparison of Load to Failure Characteristics between the Krackow Stitch and the Locking Loop Stitch

Characteristic Krackow stitch Locking loop stitch p-value

Stiffness (N/mm) 97.5 ± 6.9 117.2 ± 13.9 < 0.001

Yield load (N) 66.2 ± 15.9 237.9 ± 93.6 < 0.001

Energy absorbed to yield load (N/mm) 24.5 ± 14.9 276.2 ± 195.0 < 0.001

Deformation at yield load (mm) 0.8 ± 0.2 2.1 ± 0.9 0.002

Ultimate load (N) 450.2 ± 49.4 472.6 ± 59.8 0.290

Energy absorbed to ultimate load (N/mm) 3,578.5 ± 870.1 1,273.1 ± 453.1 < 0.001

Deformation at ultimate load (mm) 12.8 ± 2.8 5.0 ± 1.2 < 0.001

Failure mode -

   Suture breakage 6* 10

   Tendon cut through 4 0

Values are presented as mean ± standard deviation.
*Suture breakage in the process of sequential failure.

Table 2. Biomechanical Parameters during Cyclic Testing

Variable Krackow  
stitch

Locking loop 
stitch p-value

Stiffness in cycle 10 (N/mm)

   5–20 N 80.1 ± 21.4 86.2 ± 36.5 0.880

   5–40 N 100.3 ± 22.9 123.3 ± 42.8 0.174

   5–60 N 113.2 ± 23.6 151.6 ± 32.5 0.016

Hysteresis in cycle 10 (N/mm)

   5–20 N 0.2 ± 0.1 0.1 ± 0.1 0.028

   5–40 N 1.4 ± 0.3 1.0 ± 0.3 0.004

   5–60 N 3.3 ± 0.6 2.2 ± 0.5 < 0.001

Deformation of the suture-tendon construct at the end of cycle 10 (mm)

   5–20 N 0.4 ± 0.2 0.3 ± 0.1 0.041

   5–40 N 1.0 ± 0.2 0.6 ± 0.2 < 0.001

   5–60 N 1.7 ± 0.3 0.9 ± 0.2 < 0.001

Values are presented as mean ± standard deviation.
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mation of the suture-tendon construct in the LLS group 
was significantly greater than those in the Krackow stitch 
group, although there was no significant difference in ulti-
mate load between the two techniques. All LLS constructs 
failed by suture breakage, but 4 of 10 in the Krackow 
stitch failed by tendon cut through. As the LLS has half 
the needle penetrations through the tendon, which could 
potentially lead to reduced surgical time,4) resulting in a 
more secure suture-tendon construct compared with the 
Krackow stitch, our findings suggest that the LLS could be 
a viable alternative to the conventional stitches, such as the 
Krackow stitch, whip stitch, and needleless stitches.

The Krackow stitch has been proven to be a secure 
tendon-grasping technique.1-3,15-17,20) Although the Krackow 
stitch provides secure fixation at the suture-tendon con-
struct,3,15-17) the placement of two strands of locking loops 
is time-consuming and causes tendon damage due to mul-
tiple needle penetrations.4) Conversely, needleless stitches 
have the advantages of decreasing the risk of tendon dam-
age and reducing time for suture placement,4-6) but there 
is risk of unraveling at low tensile loads.6,7) The LLS is a 
hybrid technique of the running locking stitch and needle-
less stitches, compensating for the disadvantages of each 
suture technique. With half of the needle penetrations 
compared to the Krackow stitch and no risk of unravel-
ing, the LLS may reduce surgical time and provide secure 
fixation of the suture-tendon construct for small tendons, 
such as semitendinosus tendon, gracilis tendon, palmaris 
longus tendon, and long head of the biceps tendon.

In the current study, deformation of the suture-
tendon constructs in the LLS was significantly less than 
that of the Krackow stitch. A 3-mm postoperative laxity 
for anterior cruciate ligament reconstruction is thought to 
be one of the criteria of clinical failure.18,19) Although Hong 
et al.20) reported that even the Krackow stitch had 3.4-mm 
deformation of the suture-tendon construct after cyclic 
loading 200 N for 200 cycles, the Krackow stitch has been 
widely utilized for secure tendon fixation.1-3,15-17) Our find-
ings suggest that the LLS could be a viable option for graft 
fixation when secure fixation is necessary, such as suture-
post fixation, pull-out button fixation, or docking fixation. 

The LLS had a significantly smaller deformation of 
the suture-tendon construct compared with the Krackow 
stitch. All LLS constructs failed by suture breakage. For 
the Krakow stitch, 6 of 10 failed by suture breakage and 
4 of 10 failed by tendon cut through in a sequential man-
ner as previously reported.1) The most distal locking loop 
tightened, then cut through the distal tendon, followed by 
the next most distal locking loop, which then failed in the 
same manner. As deformation of the suture-tendon con-

struct is accompanied by suture cut through the tendon, 
the LLS may decrease tendon damage and fail in a more 
predictable manner compared to the Krackow stitch.

In this study, there was no significant difference in 
ultimate load between the LLS and the Krackow stitch. 
As needle penetrations through the suture have a risk of 
compromising the ultimate load of the suture-tendon 
construct, reinforced polyblend suture tape was utilized 
for the LLS, which has a wider area for needle penetration. 
Our findings suggest that the LLS with reinforced poly-
blend suture tape would provide an equivalent ultimate 
load to the Krackow stitch with No. 2 FiberWire.

With the LLS, there were no significant differences 
in tendon width and thickness before and after the cy-
clic testing. As the tendon width becomes narrower, the 
contact area between tendon and bone becomes smaller, 
which stunts biologic healing.10) Significant narrowing of 
the tendon width was not observed in the LLS, and there-
fore it is unlikely that the LLS would compromise biologic 
healing.

In the Krackow stitch, cyclic loading significantly 
increased tendon width, but not tendon thickness. For the 
Krackow stitch, locking loops with needle penetrations 
are performed on both sides of tendon, while no wrapping 
loops are placed on the center of tendon.2) Our findings 
suggest that loading on the double-strand loops may cause 
widening of the needle holes and suture cutting through 
the tendon into three bundles, whereas the center of ten-
don remains intact.

In the current study, a 1.3-mm-wide polyblend su-
ture tape with 4-0 suture was used for the LLS, whereas a 
conventional No.2 round suture was used for the Krackow 
stitch. In recent studies evaluating biomechanical prop-
erties of the Krackow stitch, a 1.3-mm-wide polyblend 
suture tape demonstrated less stiffness and more defor-
mation of the suture tendon construct compared with a 
conventional No.2 high-tensile round suture.22,27) Hong et 
al.22) inferred that larger diameter tendon holes owing to 
wider suture penetrations compromised the stiffness and 
deformation of the suture-tendon construct. To reinforce 
the weak-link between the tendon holes and sutures in 
the running locking stitch, the LLS, polyblend tape, and 
tendon were penetrated together in the LLS. As needle 
penetrations through a No.2 conventional high-tensile 
round suture were technically demanding, the 1.3-mm-
wide polyblend suture tape with 4-0 suture was used for 
the LLS.

There were several limitations in this study. First, we 
used bovine tendons instead of human tendons. However, 
a previous study reported that bovine extensor tendons 
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had similar biomechanical properties to human tendons.28) 
Second, this biomechanical study did not consider biologic 
healing, but secure fixation at time zero is considered to be 
an important factor for graft healing. Third, two different 
suture materials were used for the comparison between 
Krackow stitch and LLS. As needle penetrations through a 
No.2 conventional high-tensile round suture were techni-
cally demanding, a 1.3-mm-wide polyblend suture tape 
with 4-0 suture was used for the LLS. Fourth, we only eval-
uated 3 suture throw locking loop configurations, because 
three suture throws for the Krackow stitch has been shown 
to provide sufficient fixation strength of the suture-tendon 
construct.3,20) Future studies may consider evaluating the 
effect of the number of loops in the LLS on the biome-
chanical characteristics of the suture-tendon construct.

The LLS had significantly smaller deformation of 
the suture-tendon construct compared to the Krackow 
stitch. The LLS may be a viable surgical alternative to the 
Krackow stitch for graft fixation when secure fixation is 
necessary.
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