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A B S T R A C T

Background: Displaced intra-articular calcaneal fractures often result in permanent disability, reduced quality of
life and high socio-economic costs. Since they often result in a change in geometry of the foot, pedobarography
may be useful in predicting outcome at an early stage. The aim of this study was to examine whether a correlation
exists between pedobarography and functional outcomes in patients with a displaced intra-articular fracture.
Methods: In this systematic review, studies were included when they investigated the correlation between
pedobarography and functional outcome in displaced intra-articular calcaneal fractures. Excluded were studies
on< 10 patients or on animals/cadavers. Collected were baseline patient/treatment characteristics, pedo-
barographic data (peak pressures, maximum force and centre of pressure) and functional outcome scores.
Findings: Out of 153 abstracts, 40 remained for full text screening and 9 were included. Pedobarographic
measurements (pressure plate or insoles) showed a lateralization of centre of pressure, decreased pressures
underneath the hindfoot, first and second toe and increased pressure underneath the midfoot and forefoot.
Correlations with functional outcome were found in some combined pedobarographic results (entire foot/
multiple measurements), but hardly in pressures underneath specific foot areas.
Interpretation: Even though increased or decreased pressures in specific areas of the foot may not be directly
related to functional outcome, combined scores often did. For pedobarography to serve as a prediction tool, it
should be more standardised. However, assessing centre of pressure and altered peak pressures underneath the
foot, may be useful in developing customized aids such as insoles, aiming for a more individualized improvement.

1. Introduction

Overall, calcaneal fractures comprise 1.2% of the total amount of
fractures seen in inpatient or outpatient clinics (Court-Brown and
Caesar, 2006), with an annual incidence of 9.6–10.5 per 100,000 for
men and 3.8–3.9 per 100,000 for women (Haapasalo et al., 2017;
Humphrey et al., 2019), of which more than half are displaced intra-
articular calcaneal fractures (DIACFs) (Epstein et al., 2012; Griffin
et al., 2014). DIACFs often result in permanent disability and reduction
of quality of life, due to persistent pain, stiffness and gait abnormalities
(Besch et al., 2008; Bozkurt et al., 2004; Hirschmüller et al., 2011;

Öçgüder et al., 2012). Moreover, DIACFs are most often diagnosed in
adults and adolescents, the most economically active population
(Contreras et al., 2004). Therefore, these fractures and the accom-
panying difficulty to return to work are associated with high socio-
economic costs (Albin et al., 2015). An unfavourable long-term out-
come is strongly associated with malalignment of the hindfoot (Catani
et al., 1999). In case of malalignment, collapse of the heel bone and
restrictions in joint movement can result in changes in the plantar
pressure and shortening of the extremity (Genc et al., 2016).

Traditionally, the evaluation of calcaneal fractures and determina-
tion of effect of treatment relies on three pillars, consisting of
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standardised questionnaires, physical examination and the use of
radiographs in various projections. To predict long-term functional
outcome at an early stage, an objective assessment of functional out-
come, such as pedobarography, may be a valuable addition.
Pedobarography is a measure that determines the loading pattern under
the sole of the foot. It provides the distribution of the vertical compo-
nent of the ground reaction force over the plantar surface of the foot
(Giacomozzi et al., 2016). It is a relatively easy to use measure that does
not require expensive equipment and a dedicated laboratory with a
skilled staff as needed with a complete gait analysis, hence it is be-
coming a popular choice to asses dynamic foot function (Stebbins,
2016). The plantar pressure can be measured by using either in-shoe
sensors or a pressure platform that is embedded in the floor (Abdul
Razak et al., 2012). Pedobarography is used primarily in the manage-
ment of diabetic feet (Gurney et al., 2017) and to evaluate surgical
treatments in cerebral palsy and hallux valgus patients (Brodsky et al.,
2006; Chang et al., 2002). It might also be a useful objective measure of
functioning after DIACFs, since DIACFs often result in a change in
plantar geometry of the foot (Besch et al., 2008).

To measure the subjective outcome of fractures of the lower ex-
tremity, multiple patient reported outcome measures (PROMs) have been

described in literature. Often used for foot and ankle conditions are the
Lower Extremity Functional Scale (LEFS) (Binkley et al., 1999) and the
American Orthopaedic Foot & Ankle Society score (AOFAS) (Kitaoka
et al., 1994), but many others exist. To analyse the value of pedobaro-
graphy in predicting long term functional outcome, it is important to
know whether or not it corresponds to PROMs. If known which outcomes
of the pedobarography lead to a certain functional outcome score, pa-
tients could be provided early on with an individualized training pro-
gram to improve functional outcome (Follak and Merk, 2003). Therefore,
the aim of this study was to examine whether a correlation exists be-
tween pedobarography and functional outcomes in patients with DIACFs.

2. Methods

2.1. Screening and selection

In order to identify studies on pedobarography in patients with
DIACFs a search was performed in MedLine (PubMed), EMBASE (Ovid)
and the Cochrane Library on October 5th, 2018. A clinical librarian was
consulted on the search strategy. The full search is presented in the
Appendix, but included the following keywords: calcaneus, intra-

Fig. 1. PRISMA flow diagram.
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articular, fracture, and pedobarography or gait analysis. In addition to
the databases, reference lists were checked for additional articles. Two
reviewers (FS and JP) independently screened the title and abstract of
the articles found through the search mentioned above. Articles were

considered potentially useful when they assessed pedobarography and
functional outcomes in patients with DIACFs.

Eligible articles were then screened for inclusion based on full text
by the same reviewers. Articles describing< 10 patients, not involving
humans, not addressing the relationship between pedobarography and
functional outcome, written in another language than English, Dutch,
French or German or only consisting of an abstract, were excluded. No
restrictions were posed on publication date. An overview of excluded
studies is presented in the Appendix.

2.2. Data extraction

Data was extracted using a customized extraction sheet (based on the
Cochrane data extraction template). One reviewer (JP) extracted the data
and the other reviewer (FS) verified it. Duplicate publications were filtered
out by juxtaposing author names and carefully reviewing study designs
and treatment combinations. In case of multiple publications on one trial,
all published information was combined to ensure comprehensiveness of
data. We obtained the following patient, fracture and treatment char-
acteristics: author, year of publication, number of patients, treatment,
pedobarographic methods and performed measurements, controls, clinical
scoring systems the correlation between clinical outcome and pedobaro-
graphy. Pedobarographic measurements of our interest were peak pres-
sure, maximum force and centre of pressure trajectory (COP). The peak
pressure (N/cm2) is the highest pressure measured underneath a pre-
determined foot area of interest during gait. Maximum force (N) is in-
dependent of area size and can also be expressed per foot area. The centre
of pressure trajectory shows the movement over time of the point of ap-
plication of the ground reaction force during gait.

2.3. Analysis of findings

We determined the most important results and conclusions of the
studies regarding pedobarography and functional outcome and used
this data to assess whether or not there was a correlation between these
outcome measures. When possible, raw data was extracted from in-
dividual patients, in order to calculate possible correlations ourselves.
In articles describing this correlation but not the underlying data, the
methods used, correlation coefficient and p values were collected.
When the correlation was only described but could not be quantified in
any way, studies were excluded. Statistical tests used to calculate

Fig. 2. Risk of bias assessment based on ROBINS-I tool.

Fig. 3. Review authors' judgements about each risk of bias item presented as percentages across all included studies.
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correlations were, depending on normality of the outcome, either a
Pearson correlation (normal distribution) or a Spearman's rank corre-
lation (non-normally distributed continuous or categorical data).

2.4. Risk of bias

All studies included were assessed for risk of bias with the ROBINS-I tool
for non-randomized cohort studies of interventions (Appendix 3). Using this
tool, bias was assessed on 7 domains, rating each one as “high”, “low” or
“unknown” risk of bias. The 7 domains are bias based on: confounding,
selection, classification of interventions, deviation of intended intervention,
missing data, measurement of outcomes and selection of reported results.
Potentially important confounders for this review that were used in this
assessment were: previous foot injury, treatment of calcaneal fracture with
arthrodesis or amputation, contralateral injury and comorbidity affecting
gait or functional outcome. Studies excluding patients with these char-
acteristics and comparing results to the contralateral (healthy) foot auto-
matically received a low risk of bias on the first domain.

3. Results

3.1. General information

A total of 153 articles were screened for eligibility based on title and
abstract, 40 remained for full text screening after which nine studies
complied with the criteria and were therefore included for final analysis
(Çolak et al., 2018; Davies et al., 2003; Dudkiewicz et al., 2002; Dürr
et al., 2018; Hirschmüller et al., 2011; Kinner et al., 2002; Mittlmeier
et al., 1993; Rosenbaum et al., 1995; Schepers et al., 2008) (Fig. 1). All
were cohort studies including adult patients with surgically treated
DIACFs and excluding patients with concomitant injuries that might af-
fect pedobarography and/or functional outcome measurements. As
shown in Table 1, varying functional outcome scores were used and
pedobarographic measurements were performed using either a pressure
plate or insoles, comparing results to those of the contralateral foot be-
tween 3 and 122 months after fracture treatment. A summary of the risk
of bias analysis is shown in Figs. 2 and 3, complete results including
author's justifications are featured in the Appendix. The most common
causes of potential bias were insufficient characterisation of missing data

and not reporting of or not correcting for confounders, and selection of
reported data.

3.2. Pedobarography

Most studies measured peak pressure, COP and maximum force in
different foot areas (Table 1). Table 2 shows the difference in peak
pressures underneath the inflicted foot compared to the contralateral
foot for each study. In general, pressures seemed to be lower under the
inflicted foot (Rosenbaum et al., 1995; Schepers et al., 2008), although
non-significantly higher pressures have also been described (Çolak
et al., 2018; Dürr et al., 2018). When comparing specific areas of the
foot, pressures underneath the hindfoot seemed to be decreased (Dürr
et al., 2018; Hirschmüller et al., 2011), as well as underneath the first
and second toe (Dürr et al., 2018). Increased peak pressures were found
mainly underneath the midfoot (Çolak et al., 2018; Dürr et al., 2018;
Hirschmüller et al., 2011; Rosenbaum et al., 1995) and forefoot (Çolak
et al., 2018; Dürr et al., 2018; Hirschmüller et al., 2011; Rosenbaum
et al., 1995; Schepers et al., 2008). Studies dividing the forefoot in
medial, central and lateral areas all found that specifically the lateral
side showed increased pressures (Dürr et al., 2018; Hirschmüller et al.,
2011; Rosenbaum et al., 1995), while on the medial side both increased
and decreased pressures have been described (Rosenbaum et al., 1995;
Schepers et al., 2008).

Studies measuring the COP all described a shift of the COP to the
lateral side of the inflicted foot (Davies et al., 2003; Hirschmüller et al.,
2011; Kinner et al., 2002; Rosenbaum et al., 1995; Schepers et al., 2008).

Two studies have also measured the maximum force (Çolak et al.,
2018; Kinner et al., 2002) and found a significantly higher maximum
force underneath the midfoot (Çolak et al., 2018), forefoot (Çolak et al.,
2018; Kinner et al., 2002) and toes (Çolak et al., 2018) in the injured
foot and a non-significantly decreased maximum force underneath the
total foot (Çolak et al., 2018) and hindfoot (Çolak et al., 2018; Kinner
et al., 2002) compared to the healthy side.

3.3. Functional outcome & pedobarography

Four studies described a significant correlation between pedobaro-
graphy and functional outcome scores as measured by PROMs

Table 2
Peak pressures per foot area and COP.

Foot area Colak
(2018)

Davies
(2003)

Dudkiewicz
(2002)a

Durr
(2018)

Hirschmuller (2011) Kinner
(2002)

Mittlmeier
(1993)a

Rosenbaum (1995) Schepers (2008)

Whole foot + – + -* -*
Hindfoot:

- Medial
- Central
- Lateral

– + -* -* –
-b

-b

=

=

-

Midfoot +* +* +* +*
Forefoot:

- Medial
- Central
- Lateral

+*
+
-
+

-
-
+*

+
-
+*

-*
-b

+*

+*
+
+

Toes:

- Hallux
- 2nd toe
- 3–5

–
+ -*

-*
-

=
- -

COPc L L L L L

Peak pressures of the affected foot, compared to contralateral foot, where a + indicates higher pressure, a - lower pressure, a = comparable pressures and bold
symbols with an * indicates a variable significantly differing from the contralateral foot.
Abbreviations: COP: centre of pressure trajectory, L: lateral.

a Individual parameters of performance score not described.
b Not significant compared to contralateral foot, but significantly lower compared to healthy controls.
c Not tested for statistical significance.
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(Dudkiewicz et al., 2002; Dürr et al., 2018; Kinner et al., 2002;
Mittlmeier et al., 1993) (Table 3). All of these studies combined the
pedobarographic results of the entire foot or used a performance score
incorporating multiple aspects of a kinetic gait analysis (e.g. contact
time, vertical impulse, maximum pressure, maximum force, COP).
Studies investigating the correlation of functional outcome with area
specific peak pressures mostly did not identify a significant correlation
(Çolak et al., 2018; Davies et al., 2003; Rosenbaum et al., 1995;
Schepers et al., 2008) (Table 3). Rosenbaum et al. found that, of all
measured areas, only peak pressures of MT2 had a correlation with
functional outcome measured by a modified Zwipp score (Rosenbaum
et al., 1995). Durr et al. found a relationship between the maximum
pressure in the midfoot and hallux and the SF-36 and Zwipp score (Dürr
et al., 2018).

The AOFAS was the most commonly used functional outcome score,
followed by the SF-36. Only Dudkiewicz et al. and Durr et al. found
correlations between these outcome scores and pedobarography
(Dudkiewicz et al., 2002; Dürr et al., 2018), other studies did not (Çolak
et al., 2018; Hirschmüller et al., 2011; Schepers et al., 2008). The type
of functional outcome score did not seemed to be related to whether or
not there was a correlation with pedobarographic results.

4. Discussion

4.1. Summary and comparison to previous literature

As this study confirms, the pressure distribution underneath the foot
after a DIACF is markedly changed. This study showed that overall,

Table 3
Summary of findings (significant correlations in italic).

Author Foot areas Pedobarographic
measurements

Functional outcome Correlation Statistical test Correlation coefficient p-Value

Colak (2018) Hindfoot, midfoot, forefoot,
toes

Maximum force
Peak pressure

AOFAS
SF-36 score

No ND ND ND

Davies (2003) MT5 Peak pressure
COP

Kerr et al. No
No

Pearson ND 0.660
.28

Dudkiewicz (2002)a Whole foot Footprint analysis AOFAS Yes Spearman's rank −0.551 0.005
Durr (2018) Overall⁎

Midfoot

Hallux

Plantar pressure

Max. pressure

AOFAS
SF-36 PCS
FFI
Zwipp
SF-36 pcs
Zwipp
SF-36 pcs

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Kruskal-Wallis

Spearman's rank

-
-
-
-−
0.269−
0.387
0.291

0.003
0.015
0.018
0.007
< 0.05
0.001
< 0.05

Hirschmuller (2011) Hindfoot, midfoot, forefoot
(L/C/M), toes

Pressure distribution AOFAS
SF-36 pcs
SF-36 mcs

No Spearman's rank ND ND

Kinner (2002)a Heel, sole⁎⁎ Pedobarographic score⁎⁎ MFS Yes Spearman's rank −0.62 0.04
Mittlmeier (1993)a Hindfoot, midfoot, forefoot,

toes
Performance score† Clinical score⁎⁎⁎ Yes Spearman's rank 0.607 < 0.001

Rosenbaum (1995) Central heel
Medial heel
Lateral heel
Midfoot
MT1
MT2
MT5
Hallux

Peak pressure Modified Zwipp‡ No
No
No
No
No
Yes
No
No

ND¥ 0.21
0.22
−0.38
−0.08
0.37
0.54
0.32
−0.38

>0.05
>0.05
>0.05
>0.05
>0.05
< 0.05
>0.05
>0.05

Schepers (2008) Medial heel
Lateral heel
MT1
MT2
MT3
MT4
MT5
Hallux

Peak pressure AOFAS I MFS I CN I
VAS

No
No
No
No
No
No
No
No

Spearman's rank 0.05 I −0.04 I 0.00 I
−0.24
0.06 I 0.05 I 0.15 I 0.19
−0.16 I 0.01 I 0.06 I
−0.23
0.09 I 0.20 I 0.18 I
−0.14
0.17 I 0.27 I 0.29 I 0.14
0.42 I 0.28 I 0.41 I 0.49
0.11 I −0.06 I 0.14 I
0.25
0.41 I 0.38 I 0.52 I 0.35

>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

Abbreviations: AOFAS: American Orthopaedic Foot & Ankle Society score, CN: Creighton-Nebraska score, COP: centre of pressure line, DIACFs: displaced intra-
articular calcaneal fractures, IQR: inter quartile range, MCS: Mental Component Score, MFS: Maryland Foot Score, N: number of included patients, ND: not described,
PCS: Physical Component Score, SD: standard deviation.

a No correlation coefficient given, calculated with Spearman's rank based on given data.
⁎ Functional outcome was compared between 3 groups based on a combined score (sum of the difference of all plantar pressure parameters between feet),

comparing patients with a large, medium and small difference between injured and contralateral foot.
⁎⁎ Combination score based on impact, contact, width of heel and sole, gait line (COP) and multistep (8–32 points).
⁎⁎⁎ Clinical score is based on pain (0–6), gait (0–6), tiptoe gait (0–2), heel gait (0–2), footwear (0–2) and divided in 4 groups: excellent (17–18), good (13–16),

moderate (9–12) or poor (0–8).
† Performance score is based on contact time (0–4), normalized impulse (0–4), percentile distribution of vertical impulse (0–4), normalized maximum pressure

(0–4), centre of pressure (COP) (0–4) and divided into 4 groups: excellent (5–7), good (8–12), moderate (13–17) or poor (18–20).
‡ Clinical score based on subjective, objective and radiological evaluation of foot function and restoration, ranging from −200 to +200 points with the following

grades: excellent (150–200 points), good (100–149 points), fair (25–99 points), poor (< 25 points).
¥ Unspecified correlation analysis method. Authors mention that for the given number of subjects (i.e. 12 degrees of freedom) a correlation coefficient r 3 0.53 is

significant at the 5% level for two-tailed tests.
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after a DIACF, the COP shifts to lateral and that, compared to the
healthy side, peak pressures were higher underneath the midfoot and
forefoot and decreased underneath the hindfoot and toes. These results
were largely comparable with previous studies on this subject (Besch
et al., 2008; Hetsroni et al., 2014; Jansen et al., 2013). Moreover, this
review showed that some performance scores combining pedobaro-
graphic results of the entire foot had a correlation with functional
outcome, however peak pressures of individual foot areas were usually
not related to functional outcome scores. Although previous evidence
on the correlation between pedobarography and functional outcome is
limited, some studies on other foot injuries have found similar results,
where direct correlations between pedobarography and functional
outcome could also not been identified. Schepers et al. previously
performed pedobarographic measurements in 26 patients with a Lis-
franc fracture dislocation and did not find a correlation with functional
outcome or quality of life (AOFAS and SF-36) (Schepers et al., 2010).
Also in patients operated on a hallux valgus (N = 32) peak pressures
could not be correlated to functional outcome as measured by the
AOFAS (Lorei et al., 2006). However, the number of included patients
in both studies was small, potentially causing a lack of power. Van
Hoeve et al. did find a correlation in calcaneal fractures between
functional outcome and range of motion between hindfoot and tibia in
the push off phase, measured with kinematic gait analysis (Van Hoeve
et al., 2014). Rammelt et al. used pedobarography to evaluate results of
subtalar arthrodesis after malunited calcaneal fractures and found that
AOFAS score and pressure-time integral of the whole foot had a positive
correlation (Rammelt et al., 2004).

4.2. Limitations

A few limitations can be pointed out for this review, mostly due to
the large variation in methods between the included studies. First of all,
pedobarographic measurements were performed using a pressure plate
or in-shoe sensors in either patients' own shoes or in standardised shoes.
Because each of these devices has a different way of measuring and
reporting results, the variation between studies was large, making it
difficult to compare pedobarographic outcome measures. Secondly,
there is no standardised way of dividing the foot into areas of interest,
making it hard to compare peak pressures of specific areas. Thirdly,
measurements were performed at a wide range of time points
(3–122 months after fracture treatment). Consequently, a confounding
effect of fracture healing on the outcome measures is likely, since an
improvement in functional outcome and walking pattern are still ex-
pected 3 months after surgery. Finally, since there is no specific func-
tional outcome score for calcaneal fractures, many different scoring
systems were used to assess functional outcome. Because of these var-
iations pooling of the results was unfortunately not possible. Moreover,
we had no control in how the original data was collected. We have tried
to make the reliability of the results of the individual studies trans-
parent by performing a risk of bias analysis. However, as this risk of
bias assessment is partly subjective, it is subjective to a risk of bias on its
own. By including support of judgement for each study on each
ROBINS-1 item in the Appendix, we have tried to make these subjective
items more insightful.

4.3. Conclusions and implications for clinical practice

Despite limitations this study is, to the best of our knowledge, the
only systematic review on the correlation of pedobarography and
functional outcome in the lower extremity. By providing an overview of
performed studies on DIACFs, some valuable insights in the clinical
relevance of pedobarography are given. The most important question
might be how pedobarography can contribute to improving outcome
and quality of life for these patients. Even though increased or de-
creased pressures in specific areas of the foot may not be directly re-
lated to functional outcome scores, this study showed that a combined

score of pedobarographic results often did. To serve as a prediction tool,
it should be more standardised to be of use. However, instead of using
pedobarography for prediction of outcome, it may be applicable in
early interventions such as the development of medical aids (Genc
et al., 2016). Combining the COP and the different peak pressures un-
derneath the foot, these results could be used for customized aids such
as insoles, thereby aiming for a more individualized improvement.
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