He et al. Arthroplasty (2020) 2:3

https://doi.org/10.1186/542836-020-0025-1 A rt h rO p I a Sty

RESEARCH Open Access

Is gap balancing superior to measured ®
resection technique in total knee
arthroplasty? A meta-analysis

Qiang He', Caihong Sun?, Jianbing Ma" ® and Jianbing Guo'

Abstract

Background: Measured resection and gap balancing are two distinct methods for proper femoral component
alignment in total knee arthroplasty. Decision-making between the two techniques is controversial. The aim of this
systematic review and meta-analysis was to compare measured resection and gap balancing with regard to the
radiological and clinical benefits, and to examine whether this change the conclusions from previous trails.

Methods: A systematic literature search of the medical literature from January 1990 to February 2015 was
performed. We selected six randomized controlled trials and five prospective cohort studies comparing gap
balancing and measured resection in patients undergoing primary total knee arthroplasty. Data from included
studies were pooled with use of fixed-effects and random-effects models with standard mean differences and risk
ratios for continuous and dichotomous variables, respectively. Heterogeneity across studies was assessed with
calculation of the I? statistic.

Results: A total of 857 knees from 11 trials were included. Four hundred and forty-one knees were treated with
gap balancing and 416 were treated with measured resection. In contrast to previous studies, we found that gap
balancing demonstrated better patient-reported outcomes with regard to Knee Society score for pain (WMD 2.75,
p =0.004) and Knee Society score for function (WMD 547, p < 0.0001) at two-year follow-up. Gap balancing
showed more precise limb alignment in terms of post-operative value of mechanical axis (WMD 0.40°, p =0.01) and
risk of mechanical alignment outliers (RR 0.350, p < 0.0001). However, gap balancing was associated with more joint
line elevation (WMD 1.27 mm, p < 0.0001) and longer operative time (WMD 16.18 min, p < 0.0001). No significant
difference was observed in rotation of the femoral component (p = 0.07).

Conclusions: The meta-analysis demonstrated that gap balancing was able to achieve more precise coronal
alignment with better short-term patient-reported outcomes compared with measured resection. Measured
resection was more desirable than gap balancing with regard to restoration of the joint line and operative time.
Comparable femoral rotational alignment was observed.
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Background

Total knee arthroplasty (TKA) has shown to portend good
long-term survivorship and excellent patient satisfaction
[1-4]. However, about 6 % of primary TKAs fail within 10
years and require revision surgery, of which incorrect soft
tissue balancing is a major cause [5]. There are two dis-
tinct methods for proper femoral component alignment
reported in the literature: measured resection (MR) and
gap balancing (GB) [6]. In the measured resection tech-
nique, bone landmarks are used to guide resections equal
to the distal and posterior thickness of the femoral com-
ponent. In the gap balancing technique, equal collateral
ligament tension in flexion and extension is used as a
guide to final bone cuts [7].

Decision-making regarding gap balancing versus mea-
sured resection during TKA is controversial. Most of the
literature compares femoral component rotation and
kinematics [4, 8, 9]. Patient-reported outcome is an im-
portant aspect of clinical decision-making during TKA
[10]. Previous studies have compared patient-reported
outcomes between the two techniques, and in those
series, no difference has been observed [11-13]. How-
ever, the interpretation in those series was limited by
inclusion of participants with discrepant pathologies and
small sample sizes of participants [13]. Two systematic
reviews of gap balancing versus measured resection have
been published [6, 7]. However, the two reviews based
their conclusions primarily on descriptive summaries,
included observational studies and did not perform
meta-analyses. Moreover, since the publication of those
studies, several randomized controlled trials have been
conducted and published [14-16].

For these reasons, we performed a systematic literature
review and meta-analysis to derive a more precise esti-
mation of the comparison between gap balancing and
measured resection technique. We hypothesized that
gap balancing would be associated with better overall
patient-reported outcomes. Utilizing pooled data and
meta-analysis, we compared gap balancing with mea-
sured resection in terms of radiological and clinical ben-
efits as indicated by the currently available evidence.

Methods

Literature review

Eligible studies for this meta-analysis were randomized
controlled trials (RCTs) or prospective cohort studies
comparing gap balancing with measured resection in
terms of radiological and/or clinical outcomes. Inclusion
criteria included reports comparing gap balancing and
measured resection technique in patients undergoing
primary TKAs, RCTs or prospective cohort studies, and
English-language publication. Exclusion criteria included
animal or cadaver studies. The most commonly used
medical databases (Embase, Medline, Cochrane Central
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Register of Controlled Trials, and Web of Science) from
January 1990 through February 2015 were queried with use
of the terms “gap balancing technique” OR “gap-balancing”
OR “gap-balancing technique” OR “gap technique” AND
“measured resection” OR “measured resection technique”
OR “measured-resection”. These queries returned 37, 38,
35 and 48 results from the four databases respectively. Two
reviewers also scanned the reference lists of the in-
cluded articles for additional articles that met the in-
clusion criteria, and searched relevant meetings from
1990 to 2015 to identify unpublished reports. The
quality of each study selected for inclusion was evalu-
ated by two independent reviewers with the PEDro
critical appraisal tool. This 11-item critical appraisal
tool is designed to evaluate comparability between the
groups, method of randomization, blinding and statis-
tical analysis of RCTs. This instrument has previously
demonstrated reliability and validity [17].

Study design
Eleven studies met the inclusion criteria and were the
focus of the present study. The studies were published
between 2010 and 2014. Six of the studies represented
Level-I evidence (RCTs), and five studies represented
Level- II evidence (prospective cohort studies). Data were
extracted from each eligible study using a standard form.
Information retrieved from each study included authors,
year of publication, study design, patient gender, mean
age, sample size, prosthesis design, radiological and clin-
ical outcomes and follow-up period. When necessary,
attempts were made to contact the authors of the included
studies to clarify reported data or to obtain missing data.
The primary outcome evaluated for this study was
patient-reported outcomes, including Knee Society score
(KSS) and Functional Knee Society score (FKSS). The
secondary outcomes included: rotation of the femoral
component, mechanical alignment, risk of mechanical
alignment outliers, joint line elevation, operative time
and complications. Rotation of the femoral component
was defined as the angle between the surgical transepi-
condylar axis and the posterior condylar line on the axial
post-operative CT images [8]. Mechanical alignment was
defined as the angle between the mechanical axis of the
femur and the mechanical axis of the tibia on the post-
operative full-leg radiographs [18]. Mechanical align-
ment outlier was defined as post-operative value of the
mechanical axis exceeding the ideal value of 180° by
more than 3° [19]. Joint line elevation was defined as the
difference between preoperative joint line and postoper-
ative joint line [20]. Complications included: deep or
superficial infection, deep vein thrombosis and stiff knee.
Any discrepancies in data extraction between reviewers
were resolved by mutual agreement.
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Statistical analysis

All meta-analyses were performed with the Stata soft-
ware (version10.0, StataCorp, Texas, USA) according to
Cochrane Collaboration and Quality of Reporting of
Meta-analyses guidelines. For continuous data, such as
KSS and mechanical alignment, means and standard de-
viation (SD) were used to calculate a weighted mean dif-
ference (WMD) and 95% confidence interval (CI). For
dichotomous data, such as mechanical alignment out-
liers, the risk ratio (RR) and 95% CI were calculated as
the summary test. Pooled summary tests were calculated
with use of a fixed-effect model if heterogeneity was not
significant or with use of a random effect model if hetero-
geneity was significant. A P value on I” test of less than
0.10 was considered to be evidence of heterogeneity [21].
Sensitivity analyses were performed by sequentially leaving
one study out to assess the consistency of results whenever
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possible. In addition, we assessed the impact of the quality
of the study on the outcome, with a subgroup analysis
performed in which randomized controlled trials were
compared with prospective cohort studies. A probability of
p <0.05 was considered to be statistically significant.

Results

A total of 158 potentially relevant studies were obtained
from searches of the various electronic bibliographies. A
further 15 papers were identified from relevant meetings.
Twelve studies satisfied the eligibility criteria and were in-
cluded in the review [8, 9, 11-13, 15, 16, 18-20, 22, 23]. Of
these studies, the trial by Jong and colleagues with 64 pa-
tients was excluded, because it was not possible to extract
sufficient information from the reported data [22]. There-
fore, we included 11 papers involving 857 knees (Fig. 1).
Table 1 summarizes major characteristics of included

Papers identified through database
searching (n=158)

Papers identified through relevant
meetings searching (n=15)

A

Papers after duplicates removed (n=90})

A 4

Papers screened (n=90})

Papers excluded (n=78)

A 4

Full-text articles assessed for

Full-text articles excluded (n=1)

eligibility (n=12)

Insufficient information

A 4

No of papers included in the meta-analysis {n=11}
RCT=6, Prospective cohorts=5

Fig. 1 Study flow diagram of the system review
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Table 1 The major characteristics of the included trails
Year of Study design Sample Size  Mean Age  Gender (F/M)  Pathologies (OA/RA)  Prosthesis  Length
publication aB VIR G2 MR GB VIR a8 MR design of follow-up
Babazadeh [15] 2014 RCT 51 52 69.9 702 37/14 30/22 45/5 50/2 CR 2 years
Baier [9] 2014 RCT 19 21 724 700 14/5 12/9 19/0 21/0 CR 6 months
Nikolaides [14] 2014 Prospective cohort 29 34 700 710 NR NR 20/0 34/0 PS 7 days
Luyckx [8] 2012 Prospective cohort 48 48 650 640 30/18 34/14 48/0 48/0 PS NR
Singh [12] 2012 RCT 26 26 730 730 NR NR 26/0 26/0 CR 2 years
Lee HJ [13] 2011 RCT 30 30 689 689 28/2 28/2  26/4 30/0 CR 2 years
Pang [11] 2011 RCT 70 70 680 700 60/10 58/12 70/0 70/0 CR 2 years
Sabbioni [20] 2011 Prospective cohort 31 36 670 690 25/6 28/8 31/0 36/0 CR 7 days
Lee DH [24] 2010 RCT 60 56 660 670 57/3 54/2  60/0 56/0 CR 3 months
Tigani [19] 2010 Prospective cohort 57 66 670 690 42/15 46/20 55/1 64/2 PS 7 months
Dennis [23] 2010 Prospective cohort 20 40 NR NR NR NR 20/0 40/0 PS, CR 2 years

GB Gap balancing, MR Measured resection, RCT Randomized controlled trials, NR Not reported, CR Cruciate-retaining prostheses, PS Posterior

cruciate-stabilizing prostheses

studies. Four hundred and forty-one knees were treated
with gap balancing and 416 were treated with measured re-
section. The patients included were predominantly female,
and majority of antecedent pathologies were osteoarthritis.
The minimum duration of follow-up reporting patient-
reported outcomes was 2 years. The quality of these studies
was evaluated with PEDro critical appraisal score and the
exact outcome is summarized in the Table 2. This indicated
that there was considerable variability in the evidence base.

Table 2 PEDro critical appraisal score
Study

PEDro criteria Total
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w
o

Babazadeh [15]
Pang [11]

Lee DH [24]
Baier [9]
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Luyckx [8]
Sabbioni [20]
Tigani [19]
Dennis [23]
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. Random allocation

. Concealed allocation

. Baseline comparability
. Blind subject

. Blind clinician

. Blind assessor

. Adequate follow-up

9. Intention-to-treat analysis

10. Between-group analysis
11. Point estimates and variability
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Six RCTs and five prospective cohort studies were identi-
fied. Of these, only three concealed the randomization
procedure adequately [11, 15, 24]. Whilst surgeon blinding
might have been inappropriate in these studies, seven
studies did not blind their assessors to patient group [8, 9,
13, 14, 19, 20, 23]. The authors of five of the 11 studies
clearly stated that their analysis was based on intention-to-
treat principles [9, 11, 13, 15, 18].

Patient-reported outcomes
Four comparative studies reported outcomes of KSS and
FKSS scores [9, 11-13]. One RCT reported outcomes of six-
month KSS, and one RCT reported outcomes of six-month
FKSS. A total of three RCT's reported outcomes of two-year
KSS and FKSS, with 126 patients undergoing gap balancing
and 126 patients undergoing measured resection. Therefore,
the three RCT's were used to calculate the pooled results. Of
the three RCTs, one RCT included participants with dis-
crepant pathologies, and two other RCTs included pa-
tients uniformly with osteoarthritis. We excluded the trial
with discrepant pathologies to conduct sensitivity analyses.
The meta-analysis results of two-year KSS scores
for pain showed that gap balancing resulted in better
patients-reported outcomes compared with measured re-
section (WMD 2.72; 95% CI 0.12 to 5.31; p = 0.004; Fig. 2).
There were also higher two-year KSS scores for function
in gap balancing compared with measured resection
(WMD 5.40; 95% CI 2.83 to 7.97; p < 0.0001; Fig. 3). Sensi-
tivity analyses excluding the trail with discrepant patholo-
gies did not change the results (Table 3) [13]. However,
there was no statistical difference between the two groups
in terms of six-month KSS scores for pain (MD -7.4; 95%
CI - 38.14 to 23.34; p = 0.06) [9] and KSS scores for func-
tion (MD 5.4; 95% CI 3.9 to 6.9; p < 0.0001) [11].
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g
GB MR %
Study Year N Mean SD N Mean SD WD (95% CI) Weight
2-year follow-up
Singh 2012 26 891 129 26 859 176 —8— 320(5.19,11.59) 949
Pang 2011 70 851 93 70 824 71 . 270 (-0.04, 5.44) 86.84
Lee 2011 30 946 518 30 951 521 -0.50 (-26.79,25.79) 097
Subtotal {l-squared = 0.0%, p = 0.965) O 2720.12,531) 99.29
B-month follow-up
Baier 2014 19 B55 475 21 729 517 -7.40 (-38.14,23.34) 0.71

Subtotal {l-squared=.%,p=.)

Heterogeneity between groups: p = 0.520

Overall (-squared =0.0%, p =0.923)

-7.40 (-38.14,2334) 0.71

100.00

%

265 (0.0, 5.23)

T
-20

Cl = confidence interval

-10 0 10 20
Favours Measured Resection

Fig. 2 Comparison of KSS scores for pain between measured resection (MR) group and gap balancing (GB) group. SD = standard deviation,

T T T

Favours Gap Balancing

Rotation of the femoral component

A total of three studies [8, 14, 15], including one RCT
[15] and two prospective cohort studies [8, 14], reported
outcomes for rotation of the femoral component, with a
total of 128 patients undergoing gap balancing and 134
undergoing measured resection. Subgroup analysis of
femoral component rotation by study design was also
conducted. For RCTs, gap balancing resulted in more
external rotation than measured resection (WMD 1.00°%
95% CI 0.031 to 1.969°; p = 0.04). For prospective cohort
studies, no significant difference was found between gap
balancing and measured resection (WMD 0.27°; 95% CI
-0.470 to 1.010°% p = 0.48; I* = 57.0%). Results of overall
effect showed no statistically significant difference be-
tween the two groups (WMD 0.54% 95% CI -0.05 to
1.13% p = 0.07; I? = 46.0%; Table 4).

Post-operative value of mechanical axis

A total of four studies [8, 11, 18, 19], including two RCTs
[11, 18] and two prospective cohort studies [8, 19], reported
outcomes for post-operative value of mechanical axis, with
a total of 235 patients undergoing gap balancing and 240

undergoing measured resection. Subgroup analysis by study
design revealed that gap balancing resulted in more accur-
ate alignment of mechanical axis in RCTs (WMD 0.68;
95% CI 0.26—1.11% p = 0.002; I* = 0%), but not in prospect-
ive cohort studies (WMD 0.11°% 95% CI -0.32-0.55°% p =
0.61; I* = 18.2%). Results of overall effect indicated that gap
balancing had better alignment of mechanical axis (WMD
0.40°% 95% CI 0.10-0.71°% p = 0.01; I? = 41.6%; Table 4).

Risk of mechanical alignment outliers

A total of three studies [11, 18, 19], including two RCT's
[11, 18] and one prospective cohort study [19], reported
outcomes for risk of mechanical alignment outliers, with
a total of 174 patients undergoing gap balancing and 155
undergoing measured resection. Subgroup analysis re-
vealed that significant lower risk of outliers in gap balan-
cing was found in RCTs (RR 0.375; 95% CI 0.202-0.696;
p =0.002; I> = 0.0%) and in prospective cohort study (RR
0.193; 95% CI 0.024-1.556; p =0.122) separately. The
overall likelihood of mechanical alignment outliers was
significantly lower with the gap balancing than with the
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GB MR *
Study Year N Mean SD N Mean SD WMD (85% CI Weight
2-year follow-up
Singh 2012 26 924 104 26 896 147 —a— 2.80 (-4.12,9.72) 3.49
Pang 2011 70 767 7.9 70 708 89 a0 590 (3.11,869) 2153
Lee 2011 30 955 479 30 962 48.2{ * -0.70 (-25.02,2362) 0.28
Subtotal (-squared = 0.0%, p = 0.635) <> 5.40 (2.83,7.97) 25.31
B-month follow-up
Pang 2011 70 67 41 70 B16 49 5.40 (3.90, 6.90) 74.69
Subtotal {l-squared=.%,p=.) 5.40 (3.90, 6.90) 74.69
Heterogeneity between groups: p = 0.999
Overall (-squared = 0.0%, p = 0.824) () 540 (4.11,669)  100.00
T T T T

-20

Cl = confidence interval

-10
Favours Measured Resection

Fig. 3 Comparison of KSS scores for function between measured resection (MR) group and gap balancing (GB) group. SD = standard deviation,

0 10 20
Favours Gap Balancing

measured resection (RR 0.350; 95% CI 0.19-0.63; p <
0.0001; I* = 0.0%; Table 4).

Joint line elevation

Two RCTs [13, 15] and one prospective cohort study
[19] comprising a total of 138 patients undergoing gap
balancing and 148 undergoing measured resection re-
ported outcomes for joint line elevation. Subgroup ana-
lysis indicated that gap balancing resulted in more joint
line elevation in RCTs (WMD 1.319 mm; 95% CI 0.905—
1.732 mm; p <0.0001; I* =0.0%) and in prospective co-
hort study (WMD 1.100 mm; 95% CI 0.285-1.915 mmy;
p =0.008) respectively. Results of overall effect indicated
that gap balancing was associated with significantly more
joint line elevation (WMD 1.27 mm; 95% CI 1.64—1.96
mm; p < 0.0001; I* = 0.0%; Table 4).

Operative time

Two RCTs [11, 13] comprising a total of 100 patients
undergoing gap balancing and 100 undergoing measured
resection, and no prospective cohort study, reported
outcomes for operative time. The operative time was

significantly longer in the gap-balancing group (WMD
16.18 min; 95% CI 12.79-19.58 min; p < 0.0001; Fig. 4).

Complications

Only one RCT [11] comprising 70 patients undergoing
gap balancing and 70 undergoing measured resection, re-
ported the rate of complications. Complications included
pin-track or superficial wound infection (1.4%), deep vein
thrombosis (1.4%) and stiff knee (1.4%). The results indi-
cated that there was no difference between the two groups
with respect to the incidence of complications.

Discussion

The most important finding of this meta-analysis is that
gap balancing was found to be superior to measured
resection in regard to overall patient-reported outcomes
at two-year follow-up. The KSS with gap balancing was
2.75 points higher than that obtained with measured
resection (p =0.004). The FKSS with gap balancing was
5.47 points higher than that obtained with measured
resection (p < 0.0001). The results supported the hypoth-
esis that gap balancing was associated with better overall
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Table 3 Sensitivity analyses of knee society score and functional knee society score
Study GB MR WMD (95% P
N Mean sD N Mean SD Sl
A Knee Society score
All eligible studies 2.72(0.12,531) 0.04
Singh [12] 26 89.1 129 26 859 176
Pang [11] 70 85.1 9.3 70 824 7.1
Lee HJ [13] 30 94.6 51.8 30 95.1 52.1
Excluding the study with different antecedent pathologies 2.75(0.14, 5.35) 0.04
Singh [12] 26 89.1 129 26 859 176
Pang [11] 70 85.1 93 70 824 7.1
B Functional Knee Society score
All eligible studies 540(2.83,7.97) < 0.0001
Singh [12] 26 924 104 26 89.6 14.7
Pang [11] 70 76.7 79 26 70.8 89
Lee HJ [13] 30 95.5 479 30 96.2 482
Excluding the study with different antecedent pathologies 5.47(2.88,8.05) <0.0001
Singh [12] 26 924 104 26 89.6 14.7
Pang [11] 70 76.7 79 26 708 89

GB Gap balancing, MR Measured resection

patient-reported outcomes. Nonetheless, difference of 2.75
points in KSS and 5.47 points in FKSS may not be consid-
ered clinically meaningful [25-27]. In contrast, previous
comparative studies indicated no statistical differences in
KSS and FKSS between gap balancing and measured resec-
tion [9, 11-13, 28, 29]. As Table 1 demonstrates, those
outcomes were measured in a small number of subjects.
Accordingly, the conclusion in previous studies might be
attributed to type II statistical error [30]. Although the
moderate sample-size was appropriate to address pro-
ject aims, larger cohorts might better detect clinically

Table 4 Subgroup analysis of radiological outcomes

important differences [31]. In our meta-analysis, the large
patient cohort (n =192) provides sufficient statistical
power to show differences in patient-reported outcomes
between the two surgical strategies. Importantly, we ob-
served no heterogeneity across trials for KSS or FKSS at
two-year follow-up (I* = 0%). Different pathologies were re-
ported to affect patient who reported pain with TKA [32].
It was reported that significant improvements were ob-
served with greater impact in OA than RA after TKA [32,
33]. In this meta-analysis, we excluded the trial with differ-
ent antecedent pathologies [13]. Sensitivity analyses limited

Radiological outcomes by study Groups (n) Overall effect P value 2
design GB MR Effect estimate 95% Cl

Rotation of the femoral component 128 134 0.54° —0.05-1.13° 0.073 46.0%
RCTs [15] 48 48 1.00° 0.031-1.969° 0.043 NE
Prospective cohort [8, 14] 80 86 0.27° -0470-1.010° 0475 57.0%
Post-operative value of mechanical axis 235 240 040° 0.10-0.71° 0.01 41.6%
RCTs [11, 18] 130 126 0.68° 0.26-1.11° 0.002 0.0%
Prospective cohort [8, 19] 105 114 0.11° —0.32- 0.55° 0.607 18.2%
Risk of mechanical alignment outlier 174 155 0.350 0.19-0.63° <0.0001 0.0%
RCTs [11, 18] 130 126 0.375 0.202-0.696 0.002 0.0%
Prospective cohort [19] 57 66 0.193 0.024-1.556 0.122 NE
Joint line elevation 138 148 1.27 mm 1.64-1.96 mm <0.0001 0.0%
RCTs [13, 15] 81 82 1.319mm 0.905-1.732 mm < 0.0001 0.0%
Prospective cohort [19] 57 66 1.100 mm 0.285-1.915 mm 0.008 NE

GB Gap balancing, MR Measured resection, NE Not estimatable, Entries in italic were considered as statistically significant
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%
GB MR

Study Year N Mean SD N Mean SD WWMD (95% CI) Weight

Lee 2011 30 1022 126 30 841 8.8 —a— 18.10(12.60,23.60) 38.15

Pang 2011 70 110 14 70 95 12 —a— 15.00 (10.68,19.32) B1.85

Overall (l-squared = 0.0%, p = 0.385) 100.00

<> 16.18 (12.79, 19.58)

T
-10

Cl = confidence interval
A\

Favours Gap Balancing

Fig. 4 Comparison of operative time between measured resection (MR) group and gap balancing (GB) group. SD = standard deviation,

T T
0 10 20
Favours Measured Resection

to cohorts with uniform pathologies, however, yielded
similar results (Table 3). Other meta-analysis also con-
cluded that GB techniques were associated with Knee Soci-
ety Scores and Knee Society Function scores. In a meta-
analysis, eight randomized controlled trials were included.
The meta-analysis showed that GB techniques resulted in
statistically significant improvements in the restoration of
mechanical and rotational alignment and mean Knee Soci-
ety Scores and Knee Society Function scores 2 years
post-operatively, but resulted in greater elevation of the
position of the joint line [34]. Another meta-analysis
conducted by Li S included 20 studies involving 2259
cases. The study showed that The GB technique was as-
sociated with statistically significant increases in the
primary outcomes of KSS-function in 1 year. However,
a mean difference of 2.12 points was below the minimal
clinically important difference of 6 points. Secondary out-
come assessments showed significantly decreased surgical
time (mean difference, 16.18; P <.00001) for MR. Al-
though statistically significant difference in favor of GB
was identified in total outliers (risk ratio, 1.72, P =.0004),
the 2 techniques were comparable in range of motion,
Western Ontario and McMaster University Osteoarthritis
Index, femoral component rotation, complications, and
revision rate [35].

Comparable femoral rotational alignment was recorded
in all three studies pooled for rotation of the femoral
component [8, 14, 15]. However, results for rotation of the
femoral component showed a higher level of heterogeneity
(I =57%) in non-randomized studies. There was wide
variability in pre-operative mean rotational alignment
(0.8° internal rotation in GB and 1.2° internal rotation in
MR in the study by Luyckx et al; 5.9° external rotation in
GB and 6.4° external rotation in MR in the study by Niko-
laides et al.) in the two prospective cohort studies [8, 14].
We considered the physiological variability in pre-
operative mean rotational alignment to be the main
factors in this large variation among studies generat-
ing substantial heterogeneity. A recent study showed
that, with the measured resection technique with pre-
operative CT, the femoral component was externally
rotated approximately 1 degree more than in the gap
balancing or measured resection technique without
preoperative CT [36]. GB techniques seem to be asso-
ciated with more external rotation in femoral rota-
tional alignment.

Gap balancing was able to achieve more precise cor-
onal alignment. Post-operative values of mechanical axis
were pooled from four studies [8, 11, 18, 19], and we
identified the non-randomized studies (I = 18%) to be
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the most important source of heterogeneity. The most
plausible reason for this heterogeneity is that the surgical
methods were different between the two non-randomized
studies (computer-assisted surgery versus conventional
technique) [8, 19]. Computer-assisted surgery has been
proved to improve the accuracy of implant positioning
and extremity alignment [37]. Of the four studies, only the
trail by Luyckx et al. performed TKA with conventional
technique [8]. Risk of mechanical alignment outlier was
pooled from three studies [11, 18, 19], and showed no het-
erogeneity across trails (I* = 0%). Gap balancing was able
to demonstrate more accurate limb alignment with fewer
outliers than measured resection. Participants who under-
went measured resection experienced a 2.9-fold increased
risk of mechanical alignment outliers compared with gap
balancing.

There are some disadvantages with gap balancing tech-
nique, including joint line elevation and protracted time of
surgery. For joint line elevation, the results were more ro-
bust: estimates for both RCTs and prospective cohort stud-
ies pointed in the same direction and no heterogeneity was
found across trails (I = 0%) [13, 15, 19]. Gap balancing re-
sulted in 1.27 mm more joint line elevation on average
compared with measured resection. The raised joint line
with gap balancing can be attributed to this technique’s
prioritization of gap symmetry [6, 38, 39]. Although not in-
cluded in the meta-analysis, measured resection was found
to be two-fold risky to suffer femoral condylar lift-off com-
pared with gap balancing [23]. A significant disadvantage
with gap balancing was found to be operative time [13, 25].
Gap balancing resulted in increased operative time by 16
min on average compared with measured resection. With
gap balancing technique, surgeons operate with spacer
blocks or ligament tensioners to obtain rectangular gap,
which would need some extra time [16, 40, 41]. However,
since we were unable to distinguish the results between ex-
perienced and inexperienced surgeons, it remained unclear
whether this result can be ascribed to the increased opera-
tive time with gap balancing.

Recently, Daines et al. performed a systematic review of
gap balancing versus measured resection technique in TKA
[6]. The authors concluded that while measured resection
techniques can be accurate in a majority of cases, exclusive
use of this technique often results in flexion gap asymmetry
and an increased incidence of femoral condylar lift-off. The
gap balancing technique is less dependent on bony anatomy
and can be used to provide more reproducible flexion gap
stability [6]. The review by Springer et al. indicated that nei-
ther the gap balancing technique nor measured resection
technique is definitively better than the other [7]. However,
since the publication of those studies, several randomized
controlled trials have been conducted and published. In our
study, we focused on clinical outcomes and used patient-
reported outcomes as a primary end point.
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To our acknowledgement, this is the first meta-analysis
in the literature comparing gap balancing and measured re-
section technique. Furthermore, all authors were contacted
to clarify areas of uncertainty and to provide unreported
data, which consisted of unreported standard deviations.
We successfully obtained required raw data of patient-
reported outcomes, making it possible to pool comparable
outcome measurements from more studies and therefore
to augment the quantity of evidence.

This meta-analysis has several limitations. The 11 in-
cluded trails preformed TKA for a variety of diagnoses
with variable durations of follow-up and variable outcome
measures. Acceptable trials comparing gap balancing with
measured resection in regard to patient-reported outcomes
were limited to four studies. However, the large patient
cohort was sufficient to find differences in patient-reported
outcomes between the two groups. Second, moderate
heterogeneity was observed in several secondary outcome
measurements. Nonetheless, we were able to identify im-
portant heterogeneity sources such as different surgical
methods and large physiological variations. We believed
the pooling of comparable outcomes and the identifica-
tion of sources of heterogeneity are the best option for
meta-analysis. However, conclusions from these substan-
tially heterogeneous outcomes should be interpreted with
caution.

Conclusions

In summary, this meta-analysis indicated that gap balancing
was able to achieve more precise coronal alignment with
better short-term patient-reported outcomes compared
with measured resection. The gap balancing and measured
resection technique achieved comparable restoration of
femoral rotational alignment. It should be taken into ac-
count that there are some drawbacks with gap balancing
technique, including joint line elevation and prolonged time
of surgery. Since KSS and WOMAC were the most com-
mon outcome instruments used in clinical trials of knee re-
placement, future randomized trials with the three
outcome instruments are needed to define the patient-
reported outcomes between the two techniques. Further-
more, the difference in long-term patient-reported out-
comes between the two techniques should be determined.
Finally, the two surgical techniques both have important
advantages and disadvantages. Another area for future re-
search is the study of criteria that will allow physicians to
select patients who are appropriate for gap balancing or
measured resection technique.
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