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Summary

A clubfoot is a congenital deformity of the foot. It is often treated with the

Ponseti method which consists of weekly manipulation and the application of a

plaster cast to gradually correct the position of the foot. This method is highly

effective, but since it is applied in the first weeks after birth, the plaster casts are

inconvenient for the parents making bathing impossible and cuddling unpleasant.

Additionally, literature suggests that the treatment can be accelerated without

harmful effects.

An instrumented rubber clubfoot model was made to quantify the forces in

the Ponseti method. This test showed that the applied forces vary a lot among

physicians. A force sensor was developed to measure how these forces on the

clubfoot change over time as a result of tissue adaptation in the clubfoot. In

all measurements the applied forces gradually decreased to reach an equilibrium

within several hours, questioning the validity of the currently accepted weekly

cast change interval. Another observation was that the evaporation of the excess

water from the plaster casts cause an uncomfortable temperature drop that lasts

for 12+ hours. These findings suggest that despite being highly effective, the

Ponseti method is not perfect and should be improved.

Concepts for a dynamic clubfoot brace are developed as a possible alternative

treatment. Such a brace would closely follow the Ponseti principles but, rather

than applying a constant position with a plaster cast, it would apply a constant
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low force to co-adapt with the clubfoot. We hypothesize that with such a brace

initial correction can be achieved within a week. It has a softer look and feel and

can be temporarily taken off to allow easy diaper changes and bathing. More

work and research is needed to validate the design and test its efficacy.

xii



Samenvatting

Een klompvoet is een aangeboren afwijking aan de voet. In Nederland wordt

de aandoening behandeld met gipsredressies volgens de Ponseti-methode om de

voet geleidelijk te corrigeren. In deze methode wordt de voet richting de gewenste

stand gemanipuleerd door op specifieke punten op de voet kracht te zetten. In

deze stand wordt de voet vastgezet met gipsverband. Na een week wordt het

gips vervangen en wordt de voet weer iets verder gecorrigeerd. De behandeling

is vrijwel altijd succesvol, maar aangezien de behandeling al snel na de geboorte

wordt gestart, is het gips onhandig voor de ouders. Zo kan knuffelen door het

ruwe gips onplezierig zijn en mag het gips niet nat worden waardoor badderen

onmogelijk is. Met een literatuurstudie is aangetoond dat de behandeling versneld

kan worden zonder enig negatief effect.

Met een klompvoetmodel van rubber met ingebouwde druksensoren zijn de

gebruikte krachten in de Ponseti-methode in kaart gebracht. Deze meting laat

zien dat er grote verschillen zijn in hoe hard artsen tijdens de behandeling op

een klompvoet drukken. Een krachtsensor is ontwikkeld om te onderzoeken hoe

de krachten op de klompvoet in verloop van tijd veranderen doordat het weefsel

in de voet zich aanpast aan de stand die door het gips wordt opgelegd. Deze

meting laat zien dat de kracht van de voet op het gips snel afneemt en binnen

enkele uren stabiliseert, wat suggereert dat de weefsels zich op dat moment al

hebben aangepast aan de nieuwe stand. Dit resultaat trekt de noodzaak van
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de huidige wekelijkse gipswissel in twijfel. In deze studie is ook opgemerkt dat

het droogproces van het natte gips ervoor zorgt dat de voeten oncomfortabel

koud worden gedurende meer dan twaalf uur. Hoewel de Ponseti-methode in de

praktijk vrijwel altijd succesvol is, tonen de resultaten van deze studies aan dat

de behandeling op bepaalde punten verbeterd kan worden.

Als een mogelijke alternatief voor de Ponseti-methode zijn concepten on-

twikkeld voor een dynamische klompvoetbrace. Een dergelijke brace zou de

principes van de Ponseti-methode volgen, maar in plaats van de voet vast te

zetten met gips zou er een constante kleine kracht worden aangebracht op de

voet. Op deze manier past de brace zich aan, aan de correctie van de voet. Met

een dergelijke brace zou het mogelijk moeten zijn om de klompvoet binnen een

week in de gecorrigeerde stand te krijgen. De brace heeft een zachte uitstraling

en kan tijdelijk worden afgedaan zodat het verschonen van een luier makkelijker

is en zodat badderen ook mogelijk is. De concepten moeten verder ontwikkeld

worden en er is meer onderzoek nodig om het bestaande ontwerp te valideren en

de werking van de brace te testen.

xiv
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Chapter 1

General introduction

1.1 The clubfoot

An idiopathic clubfoot — or congenital talipes equinovarus (CTEV) — is a con-

genital deformity of the foot. Approximately 1 per 1000 children are born with

unilateral or bilateral clubfoot, which makes it one of the most common congenital

deformities (Werler et al., 2013). In the Netherlands every year approximately

190 children are born with a clubfoot (Besselaar, Kamp, Reijman, & van der

Steen, n.d.). Its incidence is higher in boys than in girls and in about half of the

cases it is bilateral (both feet are affected). However, sex and laterality do not

influence the severity of the deformity (Zionts, Jew, Ebramzadeh, & Sangiorgio,

2017).

In approximately 20% of cases, clubfoot is associated with arthrogryposis,

congenital myotonic dystrophy, myelomeningocele, amniotic band constriction

or other genetic syndromes (Gurnett, Boehm, Connolly, Reimschisel, & Dobbs,

2008). In all other cases the deformity is isolated and the cause unknown,

hence its classification as idiopathic clubfoot. The aetiology of a clubfoot re-
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mains largely unknown, but mechanical or constraining influences such as breach

delivery, twins and a deformation of the uterus have been largely ruled out as

pathogenesis (Werler et al., 2013).

In normal embryogenesis, the soles of the feet initially face each other. The

feet gradually rotate to have the soles face downward. In a clubfoot the primary

defect appears to be developmental arrest of the hindlimb from around day 44

of gestation (Zosia, 2003). The early appearance suggests that the deformity is

not caused by a defect in the development of the bones but rather a defect in

the development of the soft tissue. The aetiology of clubfoot is probably multi-

factorial, but there is evidence for a genetic contribution to the aetiology (Zosia,

2003). The transcription factors PITX1 and TBX4 have both been related to

clubfoot (Dobbs & Gurnett, 2012; Gurnett, Alaee, et al., 2008).

1.1.1 Pathoanatomy

A clubfoot can be early recognized with prenatal sonography (Treadwell, Stanit-

ski, & King, 1999) or at birth (Figure 1.1). It is a complex combination of four

deformations of the foot, resembling appearance of a golf club, hence the name

clubfoot (Pittner, Klingele, & Beebe, 2008):

� cavus, relative pronation of the forefoot with respect to the hindfoot

� adductus, inward rotation of the forefoot

� varus, inward rotation of the hindfoot

� equinus, plantar flexion of the hindfoot

Studies with electron microscopy (Sano, Uhthoff, Jarvis, Mansingh, & Wencke-

bach, 1998), scanning acoustic microscopy (Hattori et al., 2007) and biochemical

analysis (Wess, 2009) show that the soft tissues at the medioplantar aspect of

the clubfoot are contracted. Affected structures that are commonly identified as

2
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(a) Early diagnosis with ultrasound

(b) Diagnosis at birth

(c) A clubfoot left untreated

(d) Treatment with plaster casts

Figure 1.1 |Clubfoot. Clubfoot is diagnosed before or at birth. If left untreated it can be a

serious disability. Photos by CURE International.
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tight are the Achilles tendon, the posterior tibial tendon, the peroneal tendon,

plantar talocalcaneonavicular ligament and the calcaneofibular ligament (East-

wood, 2009).

Since the deformity is apparent at birth, its diagnosis and treatment are hardly

ever missed. In some low-income countries proper healthcare can be difficult to

find and if left untreated, clubfoot results in the patient walking on the lateral

side of the foot (Figure 1.1c). This can be very painful and often results in

skin breakdown, inflammation and even amputation.

1.1.2 Severity

There are two scoring systems commonly used to quantify the severity of clubfoot

and to monitor improvements during treatment.

Pirani

The Pirani score (Pirani, 2009) is based on visual evaluation of six clinical signs

scored with a 0 for normal, 0.5 for slightly abnormal and 1 for severely abnormal.

There are three signs for the hindfoot (e.g. severity of the posterior crease) and

three for the midfoot (e.g. severity of the medial crease). A Pirani score of 6

is the most severe whereas a 0 represents a normal foot. If after treatment the

Pirani score is one or higher, it is often considered as a failure (Sharma, Yadav,

Verma, Gohiya, & Gaur, 2016).

Diméglio

The Diméglio score (Diméglio, Bensahel, Souchet, Mazeau, & Bonnet, 1995) is

based on goniometric measurements of the deformation in four planes. The foot

is manipulated into its end range while measuring the angle of deflection in four

planes. Every angle is given a score (-20◦ – 0◦ = 1 point, 0◦ – 20◦ = 2 points,

4
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Figure 1.2 |Prognosis. Zhang et al. (2012) found the initial Diméglio score to be a good

predictor for the need for surgery. Adapted from (Zhang et al., 2012).

20◦ – 45◦ = 3 points, 45◦ – 90◦ = 4 points) that represents the severity of the

clubfoot. Four additional points can be given for posterior crease, medial crease,

cavus and poor muscle condition. The total amount of points is used to grade

the severity of the clubfoot. Total points < 5 equals grade I (Benign), 5–9 for

grade II (Moderate), 10–14 for grade III (Severe) and 15–20 for grade IV (Very

severe).

1.2 The Ponseti method

The Ponseti method (Ponseti, 2008; Ponseti & Smoley, 1963) is worldwide ac-

cepted as the golden standard for the treatment of a clubfoot (Hennessey, 2012).

It consists of serial manipulation and casting to correct the position of the foot,

targeting all four aspects of the deformity in the order as presented in the list

5
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Figure 1.3 |Ponseti method. Many cases of clubfoot are corrected with five casts.

above. To correct the adductus and the varus, in the Ponseti method the physi-

cian manipulates the foot by applying pressing on the medial aspect of the first

metatarsal (FM) while giving counter pressure on the lateral aspect of the talar

neck (TN). In this newly imposed position the foot is fixated with the application

of plaster cast, which is typically changed on a weekly basis. After approximately

4 to 6 casts — and in many cases a percutaneous Achilles tenotomy to correct

the equinus — most clubfeet are corrected. Finally an abduction brace is worn

for several years to maintain the correction (Figure 1.3) (Dobbs et al., 2004).

1.2.1 Prognosis

Clubfeet with a higher initial severity score can expect a longer and more intensive

treatment. They require more Ponseti casts (Lampasi, Abati, Bettuzzi, Stilli, &

Trisolino, 2018), are more likely to require an Achilles tenotomy (Chu, Labar,

Sala, van Bosse, & Lehman, 2010; Dyer & Davis, 2006; Scher, Feldman, van

Bosse, Sala, & Lehman, 2004), are more likely to experience a relapse (Sangiorgio,

Ebramzadeh, Morgan, & Zionts, 2017), and are more likely to require additional,

more invasive surgery (Goldstein, Seehausen, Chu, Sala, & Lehman, 2014; Zhang

et al., 2012) (see Figure 1.2).

1.2.2 Ponseti - benefits

The Ponseti method has earned its de facto golden standard status for its efficacy,

both short-term and long-term (Laaveg & Ponseti, 1980). It gives superior results

6
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over surgery (Herzenberg, Radler, & Bor, 2002), Kite’s method (Derzsi, Nagy,

Gozar, Gurzu, & Pop, 2015; Matos & de Oliveira, 2010) and similar to the French

method (Richards et al., 2008). Studies showing high initial success rates often

exceeding 90% are published on a monthly basis (e.g. this month (Jul-2018)

Kannan & Umashankar, 2018; S. Mohan, Kumar, Prashanth, & Krishnagopal,

2018; Salim, Ahmed, & Rehman, 2018). Long-term results are mostly affected

by brace compliance (Dobbs et al., 2004).

Besides its efficacy, the Ponseti method is relatively easy to implement almost

anywhere in the world (Shabtai, Specht, & Herzenberg, 2014), it is non-invasive

and it only requires low-cost materials and equipment. As such, in the Nether-

lands, the guidelines for the treatment of clubfoot have a clear recommendation

for the Ponseti method (Besselaar et al., 2017).

1.2.3 Ponseti - downsides

Since a clubfoot is treated soon after birth, the plaster casts of the Ponseti method

can be a burden for the caretakers of the patients. It can be difficult to change

diapers without soiling the cast and bathing the child is not possible for an entire

week when the cast is on (Nogueira et al., 2013). Other downsides that are

mentioned by caretakers are the wet and cold casts, the different feeling of a

hard cast when cuddling with their child and judgmental reactions from others

in response to the casts (Pletch, Morcuende, Barriga, Segura, & Salas, 2015).

The frequent hospital visits both during the casting phase and the bracing phase

can be cumbersome for the caretakers.

Some aspects of the Ponseti method such as the manipulation time and the

required pressure are not described in much detail in the literature and its exact

mechanics are not fully understood (Cohen, 2015; Cummings, Davidson, Arm-

strong, & Lehman, 2002). That is, we know that it works well, but we don’t

know why it works so well. It is not always necessary to fully understand a

7
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treatment for it to be implemented successfully (e.g. deep brain stimulation for

Parkinson (de Hemptinne et al., 2015)). However, a better understanding can

help in further improvement of the treatment method.

1.3 Correction

It has been known for centuries that biological tissues can be shaped, given

that ancient cultures have found ways to extend their lower lips, their necks or

earlobes. In all these examples an external force is used to permanently stretch

the involved parts of the human body.

1.3.1 Mechanostat

How biological structures respond to external forces is known as mechanotrans-

duction and studied in the field of mechanobiology (which is much different from

biomechanics). The theory of a mechanostat has been proposed, which states

that the living body has a regulatory system to control the stresses in the body

(Frost, 1987, 2003). Simply put, where stresses are low, tissue is removed (e.g.

bone loss around implants) and where stresses are high, tissue is reenforced (e.g.

added bone around screws). The theory applies well on bones (i.e. Wolff’s law

(Wolff, 1892)) and may have analogs in soft tissues (Frost, 2003).

If a load is applied, the mechanosensors (e.g. osteocytes) in the body detect

a mechanical stress and stimulate fibroblasts and fibroclast to renew the tissues

(de Morree, 2014). The effective response of the tissues is to reduce the stress by

lengthening the tissues. Research with rat tail tendons shows a clear response on

an imposed position: the force reduces over time (Sanjeevi, 1982).

The immediate response to an applied load is viscoelastic stress-relaxation,

attributed in part to the inhibition of reflex activity which is readily reversible

(Magnusson, 1998). In muscles, longer periods of uninterrupted stretching can

8
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stimulate the addition of sarcomeres in series, effectively lengthening the muscle-

fibers (Tabary, Tabary, Tardieu, Tardieu, & Goldspink, 1972). This possibly

already happens after 15 minutes (Williams, 1990). In tendons, in their relaxed

state the fibers are curled up (known as crimp) and allow for a large amount

of stretch due to ‘uncrimping’ when tension is applied. It is this uncrimping

behavior that allows the correction in the Ponseti method (Ponseti, 2008).

1.3.2 Stress-relaxation vs creep

In material science two phenomena describe the behavior of a viscoelastic material

(Özkaya, Nordin, Goldsheyder, & Leger, 2012). If a constant stretch is applied,

the resulting stress decreases over time. This is known as stress-relaxation. In

contrast, if a constant stress is applied, the resulting stretch increases over time.

This is known as creep. Both processes are explained in Figure 1.4.

1.3.3 High load brief stress vs low load prolonged stress

In physical therapy a distinction is made between high load brief stress (HLBS)

and low load prolonged stress (LLPS) (Glasgow, Tooth, & Fleming, 2010). With

HLBS a “dose” of treatment can be applied in a short period of time, such as

with joint mobilization or passive exercise. In contrast, with LLPS the same dose

is applied over an extended period of time, such as with splinting and casting.

A certain amount of stress over time is needed to realize a certain amount of

permanent stretch of the biological tissue. This principle is used in the treatment

of deformities and contractures.

1.3.4 Constant-position vs constant-force

Static splints and plaster casts apply a constant position, inducing a stress-

relaxation response in the affected biological materials. A dynamic splint applies

9
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Figure 1.4 |Creep vs stress-relaxation. A Stress-relaxation is the process in which a

constant position (or stretch) is applied and the material responds by a decreasing

stress. An example can be found in elastic bands in cloths that wear out over time.

B Alternatively, creep is the process in which a constant stress (or force) is applied

and the material responds by a increasing stretch.
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a constant force, inducing a creep response in the affected biological materials.

There is a high level of evidence for the use of mobilizing splinting in the man-

agement of joint contractures (Glasgow et al., 2010).

1.3.5 Trends

Following the general trend of minimally invasive surgery, the treatment of de-

formities and contractures has become more conservative, abandoning the option

of surgery for its downsides on the long-term (e.g. Herzenberg et al., 2002; Hue-

ston, n.d.). A more recent trend is the use of orthoses rather than serial casting

(Farmer & James, 2009). However, this trend has not yet been adopted in the

treatment of clubfoot.

1.4 Project goals

The goal of this project is to investigate if it would be possible to apply the

strategy of using an orthosis to the treatment of clubfoot, and as such develop

concepts for this strategy, while still following the proven Ponseti method. In

comparison to plaster casts an orthosis can allow bathing, will be more hygienic

and will not cool the baby, making it a more user-friendly treatment option.

Our philosophy is that a force-controlled approach could be more efficient than

a position-controlled approach. Our hypothesis is that the clubfoot treatment can

be improved by the development of an orthosis that is based on a force-controlled

approach instead of a position-controlled approach, because it will accelerate the

correction process, making it a more efficient treatment option.

11
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1.5 Outline of this thesis

This thesis presents original work done on the treatment of clubfeet and covers

several studies that have been performed in the course of this PhD project.

There is no theoretical evidence which proves that a clubfoot would need a

week to adapt to the position of the plaster cast. In Chapter 2 a review is

performed on the length of the cast change interval, to see if practical evidence

can be found which supports favoring the traditional weekly interval over more

accelerated versions.

Little is know about the forces used in the Ponseti method and a quantifica-

tion of these forces is much needed. Chapter 3 describes how we determined

how much force physicians apply to manipulate the clubfoot. To investigate our

hypothesis that the treatment process can be accelerated with a force-controlled

approach, we have measured how the forces under the plaster cast change over

time. To do so, first a new force sensor was developed (Chapter 4) which

was tested in the treatment of Dupuytren fingers with a hand splint (Chap-

ter 5). Chapter 6 describes how the forces under the cast decrease over time

and whether or not a weekly cast change interval is justified. As a side product

of this study, the temperature under the cast was also measured, which gave

surprising results, presented in Chapter 7.

From the insights gathered from studying these aspects of the treatment of

clubfoot, Chapter 8 presents how a dynamic brace could be a more user-friendly

— and possibly more efficient — method of treating clubfoot, without abandoning

the sequence and force application method as defined by Ponseti.

Finally, Chapter 9 presents a general discussion.

12
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Chapter 2

Influence of cast change

interval in the Ponseti

method

Bob Giesberts, Marieke van der Steen, Patrick Maathuis, Arnold

Besselaar, Edsko Hekman and Bart Verkerke

This chapter is published as R.B. Giesberts, M.C. van der Steen, P.G.M. Maathuis, A.T.

Besselaar, E.E.G. Hekman and G.J. Verkerke (2018) Influence of cast change interval in

the Ponseti method: a systematic review, PLOS One, 13(6):e0199540. doi: 10.1371/jour-

nal.pone.0199540.
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Review

Abstract

Background: Clubfeet are commonly treated using the Ponseti method. This

method involves weekly manipulation and casting which gradually corrects the

position of the foot. However, the reasons for following a weekly interval are

not clear.

Question / Purpose: The aim is to investigate the influence of the cast

change interval on treatment outcomes in the Ponseti method.

Methods: We performed a systematic review of comparative studies in which

the cast change interval was varied. Scientific databases were searched for

relevant publications, screened for eligibility and assessed for a risk of bias. A

’best evidence’ synthesis tool was used to synthesize the results of the included

studies and draw conclusions from relevant clinical outcomes.

Results: Nine papers matched the inclusion criteria, which provided data

of 587 subjects who had a total of 870 clubfeet. There is strong evidence

for a positive relation between cast change interval and treatment duration.

However, there is no evidence for any relation between the cast change interval

and the required number of casts, tenotomy rate, required surgery or failure

rate.

Conclusions: Accelerated versions are as effective and safe as the traditional

Ponseti method. However, more research is needed to assess the long-term

results and to identify an optimal cast change interval.

14



2

Review Introduction

2.1 Introduction

Clubfeet are commonly treated with serial casting, termed the Ponseti method

(Ponseti & Smoley, 1963). In this method, the clubfoot is manipulated and

fixated in a corrected position using a plaster cast. This cast is typically changed

every week. Occasionally, the cast is changed more frequently in an attempt

to minimize the treatment duration (e.g. Harnett, Freeman, Harrison, Brown,

& Beckles, 2011). In low-income countries this can be especially important if

practitioners are scarce and patients live far away from the hospital.

The original papers on the Ponseti method state that a new cast should be

applied at four to seven (Ponseti & Smoley, 1963) or five to seven-day intervals

(Cooper & Dietz, 1995). However, the time period is not motivated here nor

have we found solid motivation elsewhere in literature. The reason for having a

weekly treatment interval seems to be largely pragmatic. Clustering patients on

one fixed day of the week is convenient for hospital planning and makes it easier

to organize the necessary care around a newborn. Additionally, accommodating

all clubfoot patients on a single day gives parents the opportunity to share their

concerns with other parents (Terrazas-Lafargue & Morcuende, 2007).

Shortening the interval time could be advantageous for several reasons. Par-

ents who do not have ready access to treatment facilities may have to leave home

for the treatment duration, putting strain on the family. But even for those

who can make outpatient visits to a clinic, shortening the treatment time will

reduce the time during which their family life is interrupted. However, shortening

the treatment time can only be done if a shorter interval is not detrimental to

treatment outcome, if the number of hospital visits does not increase, and if no

additional discomfort or pain is caused to the children by increasing the rate of

correction. With this review we want to assess the influence of a shorter cast

change interval.

When looking at the application of serial casting to stretch soft tissue in

15



2

Materials and methods Review

other disorders than clubfoot, we have found inconclusive or even contradictory

evidence for the optimal cast change interval. In hand therapy, this is suggested

to be two days (Bell-Krotoski & Figarola, 1995). However, removing the cast of a

contracted finger after three days resulted in an increase in range of motion of 3.0◦

although removing the cast after six days resulted in an increase of 5.2◦ (Flowers

& LaStayo, 1994). When the cast change interval was changed in the treatment

of elbow, knee, wrist and ankle contractures, it was found that an interval of 1–3

days resulted in a shorter treatment with fewer complications when compared to

an interval of 5–7 days (Pohl et al., 2002). As the underlying mechanisms causing

these contractures might differ from the more complex clubfoot, the question

remains how these findings on cast change intervals apply to the treatment of

clubfoot.

The current systematic review compares the results from applying accelerated

versions of the Ponseti method to the results of weekly cast changes, to investigate

the influence of the cast change interval on treatment outcomes.

2.2 Materials and methods

A systematic review was performed on the existing literature dealing with the

Ponseti method regarding the influence of cast change interval on treatment out-

comes.

2.2.1 Search protocol

A PRISMA-driven (Hutton et al., 2014) systematic search of the PubMed, COCHRANE,

WebOfKnowledge, Scopus, PeDRO, CINAHL and Google Scholar databases was

conducted in October 2017 to identify relevant papers published between January

2005 and October 2017. The used search string was “Ponseti AND clubfoot AND

duration AND cast* AND (Pirani OR Dimeglio)”. Reference lists of the full-texts
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retrieved for eligibility were screened to identify further relevant studies.

2.2.2 Eligibility criteria and study selection

Comparative studies in which the cast change interval was varied were included.

Full-text papers needed to be available written in English, German, French or

Dutch. Exclusion criteria were conference abstracts, meta-analyses or review pa-

pers. Additional exclusion criteria were studies on non-idiopathic clubfoot, modi-

fications to the original Ponseti method other than to the cast change interval and

studies without a control group. Two reviewers (RBG, MCvdS) independently

assessed the relevance of the identified papers based on the title and abstract.

In a second stage, full-text papers were checked against inclusion and exclusion

criteria (by RBG and MCvdS). Any doubts about eligibility were resolved by

discussions between the two reviewers.

2.2.3 Data extraction

Each selected paper was reviewed (by RBG) to extract relevant patient data,

cast change interval, number of casts, treatment duration, required surgery, re-

lapse rate and failure rate. Attempts were made to contact the authors of each

selected paper for clarification and to access the raw data for a deeper analy-

sis of the presented results. For each paper, this data was extracted for both

the Normal group (weekly cast changes) and the Accelerated group (shortened

interval). Complications were extracted as defined by the selected paper. Treat-

ment duration was defined as the time from the application of the first cast until

the removal of the final cast prior to Achilles tenotomy. Required surgery was

defined as any form of surgery after Ponseti treatment, including re-tenotomy.

As defined by the Iowa Group, relapse was considered to be the appearance of

any of the components of the deformity, including cavus, adductus, varus, and

equinus (Morcuende, Abbasi, Dolan, & Ponseti, 2005). Failure was defined as
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a post-cast-treatment Pirani score higher than 1.0, as defined by others (Gilani,

Ahmed, Obaid-Ur-Rehman, & Bashir, 2014; Harnett et al., 2011; Sharma et al.,

2016).

2.2.4 Quality assessment

The selected papers were independently assessed by the two reviewers (RBG,

MCvdS) using Cochrane Collaborations tools for assessing risk of bias (Higgins,

Altman, & Sterne, 2011), scoring the papers with a ‘+’, ‘?’ or ‘-’. Criteria

used were selection bias (1 - randomization of groups, 2 - comparability of both

groups), attrition bias (3 - sufficiency of follow-up, 4 - definition of treatment

outcomes), reporting bias (5 - documentation of treatment outcomes), detection

bias (6 - blinded measurement of treatment outcomes) and performance bias

(7 - blinded participants and personnel). Disagreements were solved during a

consensus meeting. To be classified as low risk of bias, items 1, 2, 4 and 5 of the

quality assessment needed to be scored as positive.

2.2.5 Qualitative synthesis

Pooling of the data was considered impossible due to the clinical differences of

the included studies and differences in reporting methods. Therefore, a ‘best

evidence’ synthesis was performed as qualitative synthesis of the results. Based

on the system used by (Van Tulder, Furlan, Bombardier, Bouter, & Group, 2003),

the ranking of levels of evidence was used from the method formulated by (van

Meer et al., 2015) (Table 2.1).

2.2.6 Statistical analysis

If statistical testing had not been performed in the original paper but the available

extracted data allowed for it, differences in surgery, relapse and failure rate were
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Table 2.1 | The ranking of the levels of evidence is based on van Meer et al. (2015); Van Tulder

et al. (2003)

Level Description

Strong evidence Two or more studies with low risk of bias and by gener-

ally consistent findings in all studies (≥75% of the studies

reported consistent findings)

Moderate evidence One low risk of bias study and two or more high risk of

bias studies and by generally consistent findings in all studies

(≥75%)

Limited evidence One or more high risk of bias studies or one low risk of bias

study and by generally consistent findings (≥75%)

Conflicting evidence Conflicting findings (<75% of the studies reported consistent

findings)

No evidence No studies could be found

tested for statistical significance using the two-tailed χ2 test or Fisher’s exact

test. Statistical significance was defined as p < 0.05.

2.3 Results

The abstracts of 389 papers were screened for relevance. A total of 96 papers

were found to contain relevant information of which nine met the inclusion criteria

(Elgohary & Abulsaad, 2015; Gilani et al., 2014; Harnett et al., 2011; Ibraheem

et al., 2017; Mageshwaran, Murali, Devendran, Yoosuf, & Anandan, 2016; Mor-

cuende et al., 2005; Sahu, Rajavelu, & Tudu, 2015; Sharma et al., 2016; R. J. Xu,

2011). Figure 2.1 shows the flow diagram of the papers.
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386 studies retrieved 

through Scopus, 

PubMed, COCHRANE, 

WebOfKnowledge and 

Google Scholar

39 studies 

through other sources 

(e.g. reference lists)

    293 studies excluded by title and abstract

    •   inappropriate objectives (e.g. bracing)

    •   Review, meta-analysis, case-study

    •   Conference abstracts, conversations

    •   No Ponseti treatment

    87 studies excluded by details:

    •   No control group

    •   Modi�ications to the Ponseti method

    •   Non-idiopathic clubfeet

389 studies retrieved after duplicates were removed

96 full-texts retrieved for eligibility

9 studies included for review

Figure 2.1 |PRISMA flow diagram. Process of study identification and selection for out-

come analysis (Hutton et al., 2014).

2.3.1 Study characteristics

Characteristics of the selected papers are presented in Table 2.2, and these

papers cover the treatment of a total of 587 subjects with a total of 870 clubfeet.

2.3.2 Quality assessment

The results of the risk of bias analysis are presented in Table 2.3. Three studies

were classified as having a low risk of bias (Elgohary & Abulsaad, 2015; Harnett

et al., 2011; Sharma et al., 2016). The other six were classified as having a high

risk of bias (Gilani et al., 2014; Ibraheem et al., 2017; Mageshwaran et al., 2016;
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Table 2.2 | The ranking of the levels of evidence is based on van Meer et al. (2015); Van Tulder

et al. (2003)

Study Study design Group
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Elgohary Prospective N 20 34 2.5 11.8 5.17 25.25

(2015) randomized A 21 32 2.7 15.6 5.13 23.38

Gilani Prospective N 40 61 5.09 0b 4.12 -

(2014) randomized A 40 62 4.57 4.35

Harnett Prospective N 21 32 1.0 - 5.0a 8.0

(2011) randomized A 19 29 0.7 5.5a 8.5

Ibraheem Prospective N 14 23 1.1 0b 5 -

(2017) randomized A 14 22 1.9 4.8 -

Mageshwaran Prospective N 20 26 0.93 - 4.97 3 or 6

(2016) randomized A 20 25 0.92 5.025 3 or 6

Morcuende Retrospective N 111 162 5 72c - -

(2005) non-randomized A 108 157 3

Sahu Prospective N 27 40 1.3 0b 5.03 11c,e

(2015) randomized A 26 40 1.21 5.3

Sharma Prospective N 20 26 0.75 0b 5.32 7.7

(2016) randomized A 20 27 0.77 5.21 8.2

Xu Unknown N 20 32 2.10 - 4.0d 48c

(2011) non-randomized A 26 40 3.09 4.1d

N = Normal group, A = Accelerated group.

Unless indicated otherwise, data is presented as it is in the selected paper, as means.

Not reported data is indicated with ’-’.

a presented as median

b patients with any form of prior treatment were excluded

c for both groups combined

d calculated over presented data

e personal communication
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Morcuende et al., 2005; Sahu et al., 2015; R. J. Xu, 2011).

2.3.3 Qualitative synthesis

The extracted data from the selected papers is presented in Table 2.4. The

only surgery, relapse or failure rate data that scored positively when tested for a

statistically significant difference was the number of relapses in Morcuende et al.

(2005), as had already been reported in the original paper.

Only negligible differences — if any — in terms of required number of casts,

tenotomy rate, required surgery or failure rate were reported between the groups

in the selected papers (Table 2.4). The best evidence synthesis revealed a

strong evidence for the absence of a relation between cast change interval and

these clinical outcomes (Table 2.5). Five of the selected studies report that no

(short-term) complications were observed in either group (Elgohary & Abulsaad,

2015; Harnett et al., 2011; Mageshwaran et al., 2016; Sharma et al., 2016; R. J. Xu,

2011), and the remaining studies did not report on complications.

2.3.4 Relapse

The best evidence synthesis gave moderate evidence for the absence of a relation

between cast change interval and relapse Table 2.5. Morcuende et al. (2005)

report a significant difference in number of relapses (11/108 in the accelerated

group vs 25/111 in the traditional group, p = 0.01) while others did not report

such an observation. The division of groups in this study was not random but

based on geographical location, and relapse rates are highly influenced by brace

compliance (Dobbs et al., 2004). The only study (R. J. Xu, 2011) with sufficiently

long follow-up did not report on long-term results such as relapse. Those that did

report on relapse rate had either a short (Elgohary & Abulsaad, 2015; Harnett

et al., 2011; Mageshwaran et al., 2016; Sahu et al., 2015; Sharma et al., 2016)

and/or poorly-defined (Morcuende et al., 2005; Sahu et al., 2015) follow-up.
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Table 2.3 | Risk of bias analysis
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Elgohary + + ? + + ? - Low

(2015)

Gilani + ? - - - ? - High

(2014)

Harnett + + ? + + ? - Low

(2011)

Ibraheem + + - + ? - - High

(2017)

Mageshwaran + + - ? + ? - High

(2016)

Morcuende - - ? + - ? - High

(2016)

Sahu + + - + ? ? - High

(2015)

Sharma + + - + + ? - Low

(2016)

Xu - ? + + + ? - High

(2011)

‘+’ was given if the used methodology was clear and adequate, and all required data was present

‘?’ was given if the used methodology was unclear or statistical information was missing

‘-’ was given if the used methodology was faulty or data was missing or not presented per subgroup

Note that in order to be classified as low risk of bias, items 1, 2, 4 and 5 needed to be positively scored
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Table 2.4 | Extracted data from the selected papers
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Elgohary N 7 4.88 33.36 0b 91.2 0 3 (9%) 5 (15%)

(2015) A 3.5 5.16 18.13 93.8 0 3 (9%) 5 (16%)

Gilani N 7 5.2 36.4d - 71.2b 2 (5%) 2 (5%) -

(2014) A 3.5 5.12 17.92d 4 (10%) 4 (10%)

Harnett N 7 5a 42 0b 52 2 (10%) 2 (10%) 0b

(2011) A 2.3 5a 16 79 3 (16%)e 1 (5%)

Ibraheem N 7 5.26 52 - 96 0 - -

(2017) A 3.5 6.23 39 100 0

Mageshwaran N 7 5.55 52.8 0b 11.5 - 0 3 (15%)

(2016) A 3.5 5.95 39.65 24 1 (5%) 4 (20%)

Morcuende N 7 4b 24 - 81 - 21 (10%)b 25 (23%)

(2005) A 5 16 85 11 (10%)

Sahu N 7 6.2c 57.4c - 78 - 0 9 (23%)

(2016) A 3 7.4c 23.8c 83 - 1 (4%) 13 (33%)

Sharma N 7 5.08 35.24 0b 77 1 (5%) 1 (5%) 0b

(2016) A 3.5 4.15 14.19 74 1 (5%) 1 (5%)

Xu N 7 5.25 35.35 0b 87.5 5 (16%) 4 (13%) -

(2011) A 3.5 5.04 20.61 87.5 6 (15%) 6 (15%)

N = Normal group, A = Accelerated group.

Unless indicated otherwise, data is presented as it is in the selected paper.

Not reported data is indicated with ‘-’.

Numbers in bold represent a statistical significant difference (p < 0.05).

a presented as median

b for both groups combined

c including tenotomy cast

d calculated from cast x interval, not included in the best evidence synthesis

e three subjects crossed-over to the control group because they still had Pirani > 1.0 after 21 days
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Table 2.5 | Best evidence synthesis of outcome measures
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Comments

Average nr

of casts

7 LR: 0

HR: 0

LR: 3

HR: 4

Strong evidence

no relation

Statistical significance not reported in Sahu et

al. (2015). Mean 6.2 (range 4–10) vs 7.4 (5–10)

casts:

inconclusive.

No statistical test in Gilani et al. (2014).

Mean±SD 5.2±1.62 vs 5.12±1.53 casts: as-

sumed as no statistical significant difference.

Tenotomy

rate

8 LR: 0

HR: 0

LR: 3

HR: 5

Strong evidence

no relation

Duration 6 LR: 3

HR: 3

LR: 0

HR: 0

Strong evidence

positive relation

Statistical significance not reported in Sahu et

al. (2015). Mean 57.4 vs 23.8 days:

inconclusive

Surgery 7 LR: 0

HR: 0

LR: 3

HR: 4

Moderate evidence

no relation

Morcuende et al. (2005) surgery data for both

groups combined:

inconclusive

Relapse 4 LR: 0

HR: 1

LR: 1

HR: 2

Strong evidence

no relation

Failure

(Pirani > 1.0)

5 LR: 0

HR: 0

LR: 3

HR: 2

Strong evidence

no relation

No statistical test in Elgohary and Abulsaad

(2015). No difference in post-treatment Pirani

score (reported p = 0.89), all scores were ≤ 1.0:

assumed as no statistical significant difference.

LR = Low Risk of bias, HR = High Risk of bias
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2.3.5 Treatment duration

There is strong evidence for a relation between cast change interval and treatment

duration, but not for the number of casts required to correct clubfoot. Since a

shorter interval decreases the time per cast, but the total number of casts does not

change, the treatment duration is significantly shorter in the accelerated groups

of all studies.

2.4 Discussion

An increasing number of studies continues to be published in which the Ponseti

methods interval is varied from its traditional weekly level. Only few studies

use a control group to investigate the influence of the cast change interval on

treatment outcomes. Individually, the selected nine studies were able to show

the feasibility of an accelerated Ponseti method, but could not identify clear dif-

ferences in clinical treatment outcomes. The current systematic review attempts

to present additional conclusive evidence based on a best evidence synthesis, and

to identify missing information.

Overall, this review suggests that the accelerated versions of the Ponseti

method are in fact as effective as the traditional method in the initial correc-

tion of idiopathic clubfoot. The shorter cast change intervals cause a decreased

treatment duration without deteriorating clinical outcome.

None of the other selected studies can confirm the conclusion of Morcuende

et al. (2005) who, based on anecdotal observations only, suggest that a 5-day

interval is the shortest safe interval. In line with this, cohort studies involving

weekly cast-changes report approximately 20% of patients experiencing short-

term complications such as blisters and skin problems, compared to 16% of those

undergoing a cast-change twice a week (Baindurashvili, Kenis, & Stepanova,

2012; S. M. Mohan, Pawan, Mohan, & Madhu, 2014; Sugandhavesa, Cheewawat-
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tanachai, Luevitoonvechkij, & Khunsree, 2015). However, insufficient follow-up

was available in the selected papers. As such, this review could not address any

possible problems that might arise during the bracing period, for example brace

compliance. Furthermore, long term results of the accelerated Ponseti method

including proper relapse rate and functional outcome remain unknown.

The biggest advantage of a shorter treatment duration is for the caregivers

of the patients. Especially caregivers in low-income countries with limited access

to healthcare centers would benefit from a shortened casting period (Harnett et

al., 2011; Ibraheem et al., 2017; Ramahenina, OConnor, & Chamberlain, 2016;

Sharma et al., 2016). Other authors suggest that benefits of a shorter treatment

are the reduced risk of skin problems, cast slipping and osteopenia (Harnett et

al., 2011; Sharma et al., 2016).

2.4.1 Limitations

Since the outcome of the Ponseti method is affected by factors such as experi-

ence (Cosma & Vasilescu, 2014) or the strictness of the adherence to the Ponseti

method (Miller et al., 2015), treatment outcomes such as the required number of

casts vary among health care institutions. A form of bias would be introduced if

results from different institutions would be compared. We have therefore deliber-

ately chosen to only include controlled trials. Inevitably, this choice has limited

the selected number of studies which in combination with the heterogeneity in

research methodology and data reporting did not allow for any quantitative

meta-analysis within this systematic review.

It would not have been possible to blind participants and personnel involved

from the cast change interval used during the treatment. Therefore this item was

excluded for the classification of low/high risk of bias. Non-blinding during the

assessment of treatment outcomes in follow-up might have led to performance

bias. Similarly, insufficient or poorly defined follow-up increases the risk of attri-
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tion bias, but this domain was excluded from the judgement of risk since mostly

short-term outcome measures were extracted (e.g. treatment duration, casts,

tenotomy). The long-term effects of shorter cast change intervals remain poorly

documented.

For all selected studies, it was assumed that the practitioners themselves had

assessed the treatment outcomes. Although non-independent assessment is a

risk of attrition bias, we assume this risk to be minimal as outcome measures

(for example, whether or not tenotomy or surgery was performed) were mostly

objective.

Researchers who altered the cast change intervals and achieved poor results

might have refrained from publishing them. Therefore, this risk of publication

bias might have caused the best evidence synthesis in the current systematic

review to be too optimistic.

For practical reasons, we have limited our search to the languages English,

German, French and Dutch, and to the translated abstracts of leading journals

in other languages which we found during our search.

2.4.2 Optimal cast change interval

According to the best evidence synthesis, no evidence exists to support the use

of a cast change interval of one week. The combined results of the best evidence

synthesis in this report can be used to suggest some fundamental principles for

the correction of a clubfoot. One scholar mentioned that “the tissues might need

some time in the corrected position in the cast to be able to adapt through this

growth and change” (Radler, 2013). If the adaptation time were to be longer than

the used cast change interval (e.g. 5 days versus half a week), then the acceler-

ated method would only achieve partial adaptation. Such incomplete adaptation

would have resulted in adverse treatment outcomes (for example, more casts,

more complications and more surgery). However, none of the studies made such
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observations, which implies that the tissues might need less than a third of a week

to adapt, as shown by Harnett et al. (2011). As long as treatment outcomes do

not worsen as a result of increasingly shorter cast change intervals, the interval

still exceeds the required adaptation time, and there is still margin for further

acceleration of the treatment process.

Elgohary and Abulsaad (2015) asked the question “what is the least time

interval between castings to be applied safely?”. From the numbers available, we

are unable to definitively answer that question, but it does seem that the limit

has not yet been reached. To the best of our knowledge, the shortest reported

interval can be found in a case study by Sutcliffe, Vaea, Poulivaati, and Evans

(2013). After four casts in one week, the Pirani scores of two young patients were

1.5 and 3.5. In this case study the correction was still insufficient and more casts

might have been required to achieve optimum correction. Anecdotal information

exists for even shorter intervals with even daily cast changes. Cummings et al.

(2002) mention that “More rapid correction has been achieved with more frequent

(daily) cast changes and manipulation”, but without going into detail. A large

randomized controlled trial with multiple cast change intervals (weekly, twice per

week, daily, etc.) with adequate follow up is necessary to determine the optimal

cast change interval.

2.4.3 Mechanobiology

What the shortest acceptable time interval is might be ascertained by consid-

ering theories from the discipline of mechanobiology. Much of the knowledge

about the viscoelastic behavior of biological materials is based on experiments

using material from cadavers, such as rat tail tendons (Sanjeevi, 1982). When

subjected to a constant strain, the resulting stress reduces over time, known

as stress-relaxation. The stresses in dead collagen fibers obtained from rat tail

tendons reached equilibrium within several minutes (Sanjeevi, 1982; Sanjeevi,

Somanathan, & Ramaswamy, 1982).
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However, little is yet known about the combined behavior of stress-relaxation,

tissue remodeling and growth of living biological tissue. During research into limb

lengthening, it was observed that most of the relaxation occurs within the first

two hours after distraction (Rahman, Akins, Wee, & Mackenzie, 2011). In serial

casting of contracted elbows, knees and ankles, it was observed that the tension

within the cast dropped by 80% within the first 24 hours (Strik, 2000). A high

initial pressure was measured underneath the Ponseti cast although pressure sores

are rarely observed, which suggests a rapid decrease of this pressure resulting

from a short adaptation time (Giesberts, Hekman, Maathuis, & Verkerke, 2017,

Chapter 3). Preliminary cast / clubfoot interface pressure measurements by

one of the authors suggest that the tissues may have reached full adaptation just

several hours after casting.

2.5 Conclusions

There is strong evidence that accelerated versions of the Ponseti method can

safely be used in the treatment of clubfoot without risking any increase in the

number of casts, the failure rate or the surgery rate. Shorter intervals signifi-

cantly decrease treatment duration, which means that for each patient the most

convenient duration may be selected. More research is needed to determine any

existing optimal cast change interval and to investigate the long-term effects of

shorter cast change intervals.
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Abstract

The Ponseti method is the accepted treatment of idiopathic clubfoot. Although

the method of manipulating the baby feet is described in great detail, current

study aimed to investigate the magnitude and course of the applied forces in

order to optimise the treatment of clubfoot. An instrumented clubfoot model

was constructed with force sensors on the location of the First Metatarsal (FM)

and the Talar Neck (TN) and treated with the Ponseti method by 17 practi-

tioners. Applied forces on FM and TN were measured during manipulation

(4.2 N; 12 N), during casting (3.2 N; 3.5 N) and after casting (2.9 N; 2.2 N).

The forces during manipulation were significantly higher than during casting

on TN (p < 0.001) but not on FM (p = 0.129). No ‘correct’ amount of force

could be determined and inter-practitioner variability was measured to be 70%.

The resulting pressure of the cast on the clubfoot model as measured directly

after casting was significantly higher than local tissue perfusion. The results

of this study suggest potential for the optimisation of the application of the

Ponseti method.
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3.1 Introduction

An idiopathic clubfoot (talipes equinovarus) is a common congenital deformity of

the foot and is usually treated with the Ponseti method (Ponseti & Smoley, 1963).

In this method, the practitioner applies a manual force on the medial side of the

First Metatarsal (FM) with a counter force on the lateral side of the Talar Neck

(TN). This abducts the foot to realign the navicular bone with the talus. The

manipulation stretches the tissues on the medial side of the foot and is maintained

for a week with a plaster cast. Most cases of clubfoot are corrected after five or

six cast changes and, in many cases, a percutaneous Achilles tenotomy (Ponseti,

2008). After the casting period, a foot abduction brace is used for several years

to prevent relapse (Dobbs et al., 2004; Ponseti, 2008).

All steps of the Ponseti method are described in great detail and it seems that

one of the only aspects that allows for a personal interpretation is the amount

of stretch or force that is required to correct the clubfoot. In literature only

subjective measures are given for this measure, like “the ligaments should never be

stretched beyond the natural amount of give” (Ponseti, 2008), “Use light pressure”

(Staheli, 2009) or “gentle manipulation” (Radler, 2013). Without any objective

measures for the magnitude and course of these forces, it can be very difficult to

obtain the craft (Frick, 2009). Experienced practitioners of the Ponseti method

state that they feel how much force is safe to apply to a clubfoot to correct its

position.

Mathematical models have been established for strain dependent stress relax-

ation of ligaments and tendons (Davis & De Vita, 2012). These indicate that the

higher the initially applied force, the greater the adaptation rate of the tissue.

One can imagine that a certain minimum amount of force is required to induce

any correction at all, and that too much force will cause tissue damage. Looking

at the casting period only, the most efficient treatment would have the shortest

treatment duration (low burden on the family, low costs) with the least complica-
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tions (skin problems, relapses, etc.). Therefore, it is reasonable to expect that for

each clubfoot an optimum force exists. With time and experience practitioners

learn to get close to this optimum force.

When applying a force, complete closure of the capillaries (ischemia) should be

avoided. P. W. Brand and Hollister (1999) states that the point when only some

of the capillaries are closed and the skin is pale with pink spots (‘early blanching’)

is the safe limit. The magnitude of this pressure resembles the diastolic blood

pressure. For adults this is 70 to 80 mmHg or about 1.0 N/cm2 (Marieb & Hoehn,

2007). The thicker the layer of soft tissue over the underlying bone, the higher

the allowed pressure is before the point of blanching is reached. The lower the

pressure, the longer it can be tolerated. To be on the safe side, an optimal pressure

of 0.50 N/cm2 is extrapolated from animal experiments for finger orthoses in the

treatment of finger contractures (P. W. Brand & Hollister, 1999). A similar

situation occurs in the Ponseti method where the cast applies a pressure on the

clubfoot. Children who undergo clubfoot correction may, due to their age, be

expected to have a reduced diastolic blood pressure of 45 mmHg or 0.60 N/cm2

(Kent, Kecskes, Shadbolt, & Falk, 2007). The Ponseti casts are well tolerated by

the children (Baindurashvili et al., 2012), thus suggesting that sustained pressure

of the cast is below the safe limit.

During casting, there are a few layers of padding and cast tape between the

clubfoot and the fingers of the practitioner. We therefore suspected that keeping

the force focussed at the exact location of the FM and TN would be challenging,

which would lower the measured force during casting.

The aim of the present study is to quantify the applied forces in the Ponseti

method in order to find room for optimization of the treatment of clubfoot. We

stated the following two hypotheses about the Ponseti method:

1. The forces during manipulation are higher than during casting

2. The cast applies a pressure on the foot below local tissue perfusion
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3.2 Materials and methods

In this descriptive study, the Ponseti method was executed on an instrumented

clubfoot model, and forces on two locations (FM and TN) were measured as the

primary outcome measures. It was conducted at multiple Dutch hospitals that are

acknowledged as clubfoot centres and at one British hospital. This study should

give information on the applied forces on these locations during manipulation,

during casting and after casting.

Seventeen experienced practitioners of the Ponseti method were asked to par-

ticipate in this research. Only practitioners who had been using the Ponseti

method for more than one year and who treated at least 10 clubfeet per year

were included.

3.2.1 Instrumented clubfoot model

To investigate the applied forces, all participants used the same standardised club-

foot model. This model (Figure 3.1) was derived from the first phase clubfoot

training model (MD Orthopaedics, Inc., Wayland, IA, USA). The instrumented

model was made from silicone rubber with stiffness 33±2 ShA (HT33, Zhermack,

Badia Polesine, RO, Italy). Two coronary stent balloons (ø 3.5mm, ↔ 10mm,

Blue Medical, Helmond, the Netherlands) filled with demineralised water were

embedded at the location of the FM and TN and connected to two intravenous

blood pressure sensors (501669001, Merit OEM, Maastricht, the Netherlands).

Communication with the computer was performed with an Arduino system.

3.2.2 Calibration

The sensors give a measure for the pressure in the coronary stent balloons. These

values were used to measure the pressure from the cast on the ‘skin’ of the rubber

clubfoot model (second hypothesis). To relate this to applied force, the instru-
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mented clubfoot model was calibrated with a weighing scale. A perpendicular

force (0 to 30 N in steps of 5 N) was applied manually on the location of FM

and TN. By doing so the sensors showed a resolution±error of 0.048±0.002 N

/ LSB and 0.136±0.005 N / LSB respectively (LSB = Least Significant Bit).

Bending the foot compresses the balloon in the ankle joint (TN) which results in

an internal pressure. This influence was analysed and the force at TN could be

corrected by subtracting 1.01±0.02 · FFM from FTN.

3.2.3 Measurement protocol

The practitioners were given information on the nature of the study and were

asked to provide consent. They were asked to treat the clubfoot model with

the Ponseti method. No instructions were given whether to address the cavus,

adductus or varus. A few moments were given to allow practitioners to get a

good feeling of the foot before the measurements began. The clubfoot model was

manipulated and held in its corrected position for five seconds. The mean value

over this interval was determined. This process was repeated five times and the

mean force was calculated over these five values.

Next, the clubfoot was casted following the Ponseti method. During casting

the mean force was calculated over the period when all plaster was applied and

the position of the hands was fairly stable.

The mean force after casting was defined as the first 2.5 seconds (50 data

points) after the practitioner released the foot (see highlighted areas in Fig-

ure 3.2).

3.2.4 Data collection

Force data were collected during the five manipulations and during casting of

the clubfoot, recording up until the point that the cast was removed from the
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clubfoot model. All data were processed with Microsoft Excel 2013 and SPSS 20.

3.2.5 Statistical tests

Shapiro-Wilk normality tests were performed and showed lack of normality only

for FM after casting. Therefore, mean and range were reported. Significance was

set at α < 0.05 for all statistical tests. Forces at FM and TN during manipu-

lation and during casting were compared using Student t-tests. 95% Confidence

Intervals were used to compare pressure values with hypothesised values. The

coefficient of variation (CV) was used as a measure for inter-practitioner variabil-

ity.

3.3 Results

During manipulation one practitioner did not press on the TN but rather on the

lateral malleolus and one practitioner pulled on the forefoot. During casting two

practitioners pulled on the forefoot and one held the foot with his/her whole

hand instead of using just two fingers. In these cases, the manipulation and

casting was not in accordance with the guidelines of the Ponseti method and

it resulted in the sensors not registering the correct force. Additionally, sensor

malfunctioning was observed in the period after casting in one measurement. The

data of these measurements (two during manipulation, three during casting and

four after casting) were not included in the analysis. In two cases a force below

zero was measured. Although this is an unrealistic value, there was no reason

to exclude this data and it was treated as noise. This resulted in 15 successful

measurements during manipulation, 14 during casting and 13 after casting.

The results of a typical force measurement are presented in Figure 3.2.

Measured mean forces on FM and TN during manipulation (4.2 N (0.1 to 10);

12.5 N (1.6 to 27)), during casting (3.2 N (0.0 to 4.9); 3.5 N (-2.3 to 7.1)) and
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Figure 3.1 | Photo of the instrumented clubfoot model. Note the two coronary stent balloons

inside the rubber clubfoot model.

after casting (2.9 N (-1.4 to 4.5); 2.2 N (-3.8 to 5.7)) are presented in Figure

3. The measured force on TN was significantly higher during manipulation than

during casting (p < 0.001), but not for FM (p = 0.129).

After casting, the remaining pressures on the FM and TN were 0.89 N/cm2

(95% CI: 0.59–1.2) and 1.7 N/cm2 (95% CI: 0.64–2.7) respectively.

Coefficients of variability (CV) showing inter-practitioner variability for ap-

plied force during manipulation, during casting and after casting are presented

in Table 3.1.
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Figure 3.2 | Typical force measurement during the application of the plaster cast. The grey

areas represent the periods over which the mean was calculated. Note that a filter

was used for graphical purposes only. (FM = First Metatarsal, TN = Talar Neck)

Phase FM TN

Manipulation 67% 63%

During casting 45% 59%

After casting 61% 112%

Overall average 70%

Table 3.1 | Coefficients of variability for FM (First Metatarsal) and TN (Talar Neck)
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Figure 3.3 | Applied force on the instrumented clubfoot model. (FM = First Metatarsal,

TN = Talar Neck)

3.4 Discussion

A clubfoot is usually treated with the Ponseti method: manipulations and serial

casting. Little is known about the magnitude and course of the applied forces

in the treatment of clubfoot. This study aimed to quantify the applied forces in

the Ponseti method in order to allow for possible optimisation of the treatment

of clubfoot.

3.4.1 Optimum force

Considering that in this study all practitioners were experienced with the Pon-

seti method and each practitioner was presented with exactly the same clubfoot

model, it is remarkable to observe such a great inter-practitioner variability (Fig-

ure 3.4). In practice this variability is even greater due to the fact that each
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Figure 3.4 | Distribution of the applied forces on the instrumented clubfoot model. Dots repre-

sent data from one practitioner, crosses the mean value for that part of the treat-

ment (manipulation, during casting and after casting). (FM = First Metatarsal,

TN = Talar Neck)

Figure 3.5 | Comparison of both clubfoot training models from MD Orthopaedics. The first

(left) model was used for current study while Cohen, Altiok, Tarima, Smith, and

Harris (2012) used the second model (right).
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treated foot is unique.

The Ponseti method is taught without objective measures for the required

amount of force, while its success rate is reported to be around 90% (Jowett,

Morcuende, & Ramachandran, 2011). There is no evidence of a different success

rate for the practitioners who participated in current study and therefore it can

be assumed that almost all measured values in this study would result in effective

correction of the clubfoot. In other words, all force values apparently fall within

the acceptable range which is required for correction. However, the treatment

outcome (complications, number of casts, etc.) might vary between the practi-

tioners. If the applied force could be related to treatment outcome, an optimum

force could possibly be determined which would help in educating new Ponseti

practitioners.

3.4.2 Applied force

Concerning the first hypothesis, the forces during manipulation are higher than

during casting, this was confirmed for TN (p < 0.001) but not for FM (p = 0.129).

The lower force on TN during casting might be explained by the difficulty of

palpating TN and FM. Clinical experience shows that especially for TN it might

be difficult to find the correct location underneath a few layers of padding and

plaster cast. If the practitioner does not press on the correct location, a lower

force will be measured, but this would also result in a greater CV. However, for

TN CV is very similar during casting (63% vs. 69%). Therefore, it is expected

that the cause for the lower force during casting can be found in the padding

rather than difficulty of palpation. The padding disperses the applied pressure

over a greater area, resulting in a decreased measured force at the location of the

sensor.

In their study of creep activity of plaster cast (Cohen et al., 2012) also mea-

sured the forces on a clubfoot model during manipulation. Two orthopaedic
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surgeons were asked to manipulate the model to correct the adductus while the

force on FM was measured with a force scale. They found the force on FM to be

15±3 N, much higher than the measured value of current study (4.2 N). While

in current study the first phase clubfoot model was used, (Cohen et al., 2012)

used the slightly bigger second model in which the cavus had already been cor-

rected (see Figure 3.5). While no instructions were given as to how to treat the

clubfoot model, two practitioners mentioned that, in a clubfoot as presented to

them in the clubfoot model, only the cavus should be addressed. The adductus

and varus should be addressed in successive casts. The Ponseti method (Ponseti,

2008; Staheli, 2009) stresses the importance of the correct order of cavus, adduc-

tus, varus and then equinus, but is not very clear about whether or not cavus

and adductus can be addressed simultaneously in the first cast. In practice, de-

pending on the flexibility of the feet, it appears to be possible to address cavus

and adductus simultaneously.

3.4.3 Adaptation to the applied force

Our second hypothesis stated: the cast applies a pressure on the foot below local

tissue perfusion. The hypothesis is refuted. After casting, the pressure of the cast

on the clubfoot model was significantly higher than the hypothesised 0.50 N/cm2.

With the measured values exceeding the threshold value, it would be expected

that (even if casting was adequate and carefully applied) pressure marks on the

skin or even damage the tissue due to ischemia would occur, but this is rarely

observed: (Baindurashvili et al., 2012) observed soft tissue lesions in the areas

where pressure is applied as specific feature of the treatment method in only 6%

of cases. In current study practitioners wore gloves or had their hands covered

with plaster and therefore it could not be verified whether their fingertips turned

pale during casting.

One explanation could be that the pressure drops below a safe margin before

the cast can do any damage due to the beneficial adaptive properties of the tissue
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of the new born. MRI studies have shown that several minutes after casting the

cartilage anlagen of the tarsal bones have adapted (R. Brand, Siegler, Pirani,

Morrison, & Udupa, 2006). Studies with accelerated Ponseti methods show that

the foot adapts well within one week (Elgohary & Abulsaad, 2015; Gilani et al.,

2014; Harnett et al., 2011; R. J. Xu, 2011). Previous work by one of the co-

authors (P.G.M.M.) suggests an adaptation rate of just a few hours (Maathuis,

de Jong, Hekman, Bulstra, & Verkerke, 2009). We have planned a next study

that aims to measure how fast the clubfoot tissue adapts to the static loads of

serial casting.

Another explanation is that the safe pressure limit of 0.50 N/cm2 is based

on old experiments with paralyzed dogs (Reswick & Rogers, 1976). How this

translates to pressures on a baby foot is unknown. Although P. W. Brand and

Hollister (1999) has found that pressures on the finger below this limit were safe,

it was not tested but merely assumed that pressures above this limit would result

in skin problems. Above all, the safe pressure limit might be different for every

person Coleman et al. (2014).

Both time and force influence the efficacy of serial casting (Cyr & Ross, 1998)

and thus the Ponseti method. One theory combining both factors looks at the

treatment dose, the amount of force times the duration of application (McClure,

Blackburn, & Dusold, 1994). This can be expressed as dose per week (e.g. for knee

contractures a minimum treatment dose is suggested to be 11000 Nm·min/wk

(Uhl & Jacobs, 2012)). To the best of our knowledge such data does not exist for

the treatment of clubfoot, but with our planned next study it might be possible

to measure the treatment dose of the Ponseti method. An objective measure for

the optimum time and force would help in optimising the treatment of clubfoot.
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3.4.4 Limitations of the study

Applied forces on the FM and TN of an instrumented clubfoot model were mea-

sured during manipulation, during casting and after casting. How well the mea-

sured values represent forces on a real clubfoot depends on some limitations to

the used measurement device.

Firstly, the use of coronary stent balloons created an elegant and robust mea-

surement instrument but forces are not directly measured. They are derived from

measured pressure which is converted to a force based on a calibration with known

forces. Some error may be introduced if the area on which the force is applied

by the practitioner is different from the area used in the calibration procedure.

A second source of error may be that the practitioner applies force in a location

or direction which slightly deviates from the calibration procedure. Since the

Ponseti method is very clear about location and direction of force we assumed

the measured force to be correct. However, with three practitioners, an incorrect

technique was clearly visible.

Thirdly, the used clubfoot model is not a real foot. It does not have baby fat,

bones or skin, nor does it inhibit short-term viscoelastic behaviour. However, it

did give the opportunity to present every practitioner with the same clinical case.

Practitioners mentioned that the clubfoot model was rather stiff, giving the

feeling of a syndromic or plain unrealistic foot. However, the influence of stiffness

can be assumed to be minimal if it is force (rather than deflection) that is leading,

and the observed results are representative of normal treatment. Indeed most

practitioners said it was force and some even closed their eyes temporarily during

the manipulation to get a better feeling for the applied force. We therefore assume

that for this purpose, the instrumented clubfoot model is a realistic simulation

and the measured forces give a good first indication for the actual applied forces

during treatment.
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3.5 Conclusion

The current study aimed to quantify the used forces in the Ponseti method with

an instrumented standardised clubfoot model. Large differences between practi-

tioners were observed with an average inter-practitioner variability of 70%. The

measured forces on TN were significantly higher during manipulation than during

casting but this was not found for FM. The resulting pressures of the cast on the

skin were above local tissue perfusion while skin problems are rarely observed

in the Ponseti method. Even when presented with one specific case, practition-

ers display a large variation in applied corrective forces. This result indicates

potential for optimising the manner in which the Ponseti method is practiced.
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Abstract

The currently accepted interval of weekly cast changes in the treatment of

clubfeet seems unsubstantiated. A force sensor is needed to determine the

adaptation rate of a clubfoot to establish what cast change interval would

be most effective and efficient. We developed a force sensor based on the

principle that the resonance frequency of an LC-tank changes when a metal

target is brought in close proximity. A thin rubber ring between the LC-tank

and the metal target transformed this proximity sensor into a force sensor.

With a Static Load Test and an Incremental Load Test the performance of the

constructed force sensors was characterized. The custom made sensor showed

excellent sensitivity ((1.7 ± 0.8 · 105) counts/N), resolution ((0.15 ± 0.06) mN)

and accuracy ((3.5±3.0) %) for the application. The observed drift was (2.1±
0.7) %/log10(hr), which is lower than other thin force sensors. Preliminary

results of measurements in the treatment of Dupuytren fingers and clubfeet

show good functioning for long-term force measurements.
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4.1 Introduction

A clubfoot is a congenital deformity of the foot which is commonly treated with

the Ponseti method (Ponseti, 2008). In this treatment, in the first weeks after

birth the foot is manipulated towards a more corrected position and fixated with

a plaster cast (Figure 4.1a). This weekly procedure is repeated several times

until the deformity is fully corrected. At first the foot resists the newly imposed

position by pressing against the rigid plaster cast, but over time the biological

tissues inside the clubfoot adapt to the new position: the force against the plaster

cast decreases (Figure 4.1b). The adaptation rate of a clubfoot can be deter-

mined by measuring the decrease of force between the cast and the clubfoot.

This information is essential to improve the treatment method because it can

determine when the next correction is due. This could be much faster than after

one week.

To measure the adaptation rate of the clubfoot a force sensor is needed with

very specific requirements. The specific application that is described above re-
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Figure 4.1 | Sensor location. a The clubfoot is fixated in a corrected position with a plaster

cast. b Initially the foot presses against the cast but over time this force decreases

due to adaptation of the biological tissues.
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Table 4.1 | Sensor requirements. A small Lipo battery (165 mAh) should be able to power

the system for at least one week (168 h), hence the set requirement for the maximum

power consumption.

Requirements Value Unit

Dimensions max 3 × 10 (ø) mm

Dynamic range min 0–10 N

Resolution max 0.01 N

Time drift max 1 % / day

Bandwidth min 0.1 Hz

Current consumption max 1.0 mA @ 3.7 V

quires a sensor that is thin enough to fit underneath the cast without causing

any damage to the skin, accurate enough for a measurement over the period of

one week and its power should be supplied by a small battery that would be safe

in a portable device for a baby. The requirements used for the development of

the force sensor described in this paper are summarized in Table 4.1.

Numerous force sensors with varying functional principles are commercially

available, but, to the best of our knowledge, none of them are suitable for long

term precision measurements within a portable setting. Other sensors do not

fit our requirements because they are either too bulky or experience too much

drift. OEM load cells (e.g. Futek Inc., Irvine, CA, USA) are too large for our re-

quirements and it would be challenging to make a low-power amplifier with high

resolution for load cells based on strain gauges. Force Sensitive Resistors (FSR,

e.g. FlexiForce, Tekscan, Boston, MA, USA) are susceptible to drift (Hollinger

& Wanderley, 2006; Khodasevych, Parmar, & Troynikov, 2017; Parmar, Khoda-

sevych, & Troynikov, 2017). OptoForce sensors (OptoForce, Budapest, Hungary)

are elegant yet not thin enough to be placed below the plaster cast. TakkTile

sensors (RightHand Robotics, Somerville, MA, USA) are a relatively good candi-

date but we found that their measurement range is difficult to adjust and their
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accuracy over long term measurements is unknown.

The aim of this paper is to describe the performance and accuracy of a new

inductive force sensor for the application of long-term force measurements in a

portable setting.

4.2 Sensor design

An inductive force sensor was developed based on the evaluation kit of the in-

ductance to digital converter LDC1000 (Texas Instruments, Dallas, TX, USA)

and its successor LDC1614 (Texas Instruments, 2014). This integrated circuit

is able to accurately determine the resonance frequency (fsensor) of an LC-tank.

Its main output parameter is LHR DATA, a digital value that is proportional to

frequency, with 28 bits of measurement resolution. The resonance frequency is

influenced by the distance of the coil to any metal target. In most applications

a non-ferromagnetic and conductive metal (e.g. Aluminum) is used to modu-

late the inductance of the coil. Closer proximity of the target to the coil will

increase Eddy currents in the target, thereby decreasing the inductance of the

coil. In close proximity the relation between distance and resonating frequency

can be linearized with small errors. The exact functioning and examples for sen-

sor design can be found in documentation provided by Texas Instruments (e.g.

Kasemsadeh & LaPointe, 2016; Oberhauser, 2015).

To convert this proximity sensor into a force sensor, an elastic medium with a

known stiffness was added between the coil and the target. Our initial approach

consisted of a simple sandwich of these three components. Although this solution

has been researched by others (Wang et al., 2017), and patented by others (a.o.

Bonifas, Kim, & Suh, 2015; Zinober & Has, 2014), it did not appear as commercial

product at the time of writing of this manuscript. Preliminary tests with this

approach showed a high accuracy and sensitivity but mediocre long-term results

with values for time drift as high as 50 %/day. Several tests were done to identify
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the cause for this drift. If the sensor was not loaded with any weight, no drift

was observed. Creep of the rubber medium was rejected with a creep test under

50 % compression for 14 days which showed no deformation. Replacing the

compressible medium by an equally thin sheet of (incompressible) glass did not

resolve the drift. Neither did replacing the aluminum target for a polyethylene

target. One of the few hypotheses remaining was plastic deformation of the PCB.

In the final design a base-plate was added and the rubber medium was shaped

into a ’ring’, enclosing the PCB (see Figure 4.2 and Figure 4.3). With this

approach loading the sensor compresses the rubber ring around the PCB but

prevents loading – and possibly deforming – the PCB. With the rubber ring this

solution is a compromise on the size (ø10 mm vs ø7 mm). A DS1825 thermometer

(Maxim Integrated, 2005) was added to correct for the influence of temperature.

The terminology used for the sensor, the Acquisition Unit (AU) and their

combination as Sensing and Logging Unit (SLU) throughout this paper are pre-

sented in Figure 4.2.

4.2.1 Acquisition unit

The sensor was connected to a custom made acquisition unit (AU) to log LHR DATA

over time. The AU was equipped with the LDC1614 (Texas Instruments, 2014)

and a KL25Z microprocessor (NXP, 2014) that was programmed to write the

collected data to a microSD memory card. The AU was powered with a small

single cell Lipo battery (165 mAh).

Programming of the AU was optimized for high sensitivity, low power con-

sumption and little time drift. This means that for the internal settings of the

LDC1614, CHx RCOUNT was set to maximum (0xFFFF) for increased precision at

the expense of bandwidth, SETTLECOUNT CHx to 50 (to allow a sensor settling

time of tsettle = 20ms), and CHx DRIVE was automatically determined using the

method described by Holubeva (2015) and set to 23. The resulting sample rate
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Figure 4.2 |Two Sensors and an Acquisition Unit. The acquisition unit (top) allows

the connection of two sensors (below) and a thermometer (right). Schematic

representation of a sensor and logger to explain the distinction between sensor,

Acquisition Unit (AU) and the combination of the two: the Sensing and Logging

Unit (SLU).
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Figure 4.3 | Sensor specifications. Front and top view of the sensor in four stages of the

assembly process. The sensor is build out of four parts of which the technical

specifications are given here.
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was 18 Hz. The used code is available online (Giesberts, 2016).

4.3 Experimental section

4.3.1 Data collection

To reduce energy consumption, the AU was programmed to write packages of

60 data samples at a time to the microSD card, rather than sample-per-sample.

The thermometer was programmed to do one temperature measurement per pack-

age.

4.3.2 Test setup

A calibration rig was fabricated which allowed us to hang known weights on

the sensor. The applied load (F, in N) compresses the sensor, thereby changing

the oscillation frequency. LHR DATA, proportional to this frequency, is measured

and stored by the AU. None of the parts used in close proximity of the sensor

were made of metal to prevent any interference with the LC-tank. A hanger of

127g was used as a pre-load to which weights of 100g each were attached (see

Figure 4.4).

4.3.3 Static Load Test

A static load test was performed to carefully assess time drift of the Sensor and

Logging Unit (SLU). The SLU was placed in the calibration rig with the pre-load

in place. During the first 2 hours, the force sensor was not loaded, then a weight

of 500g was hung on the force sensor and left there for at least 12 hours after

which the load was removed. Measurements continued for another 2 hours.

The following characteristics were determined:
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Figure 4.4 |Calibration rig. Each sensor was placed in the calibration rig. Steel disks of

100g each (bottom left) were placed on the hanger to apply a load.

Noise was defined as the standard deviation of the output signal (LHR DATA),

filtered with a high-pass filter (0.01 Hz). Furthermore, the noise performance was

characterized by measuring the Allan deviation (Riley, 2008, p.15) as a function

of averaging time using a sensor that was not loaded for eight hours.

Temperature drift of the SLU was defined as the change in LHR DATA per

change of the room temperature (heating of the empty office used for our tests was

controlled centrally and caused fluctuations in temperature). It was calculated

as ∆LHR DATA/∆T over the period while the sensor was loaded and the input

parameter (F ) was constant, in counts/◦C.

Time drift of the SLU was defined as the relative change of LHR DATA over

time, after a 30sec settling time. Two calculation methods were used:

� Drift was calculated as the gain of the best linear fit of the signal over

55



4

Experimental section Force sensor

logarithmic time, in %/log(hr) (Ferguson-Pell, Hagisawa, & Bain, 2000).

� Drift was calculated as the relative difference between the initial value and

the final value after several specific times (Parmar et al., 2017).

4.3.4 Incremental Load Test

The SLU was loaded with incremental 30sec-long steps of 100g each up to a

maximum of 1kg. With this test the following characteristics were determined:

Sensitivity of the SLU was defined as the change of the output signal per

change of input parameter (∆LHR DATA/∆F ) (Carr, 1993). It was determined as

the gain of a best linear fit in counts/N. Non-linearity was defined as the greatest

deviation to this linear fit (Carr, 1993).

Accuracy of the SLU was defined as the greatest deviation to a polynomial fit

that was used to allow conversion of LHR DATA to force, as percentage of the full

scale output.

Hysteresis of the SLU was defined as the maximum difference between the

loading and unloading curves, as percentage of the full scale output.

4.3.5 Data processing

The collected data were processed using Matlab R2017b. In post-processing the

LHR DATA for the Static Load Tests were corrected for an apparent start-up effect

and for the influence of temperature changes using the identified temperature

drift.

Start-up effect

In its intended application in force measurements in the treatment of clubfoot the

SLU uses a logging protocol of four 30sec periods per hour to preserve battery
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Figure 4.5 | Start-up effect. The output signal gradually decreases every time the SLU is

started. For this graph the SLU was programmed to take ten 150sec measure-

ments per hour, presented in grey. For all timestamps the mean was calculated

(darkgrey) and least squares regression was used to find the best fit to a double

exponential function (orange). The typical sensitivity (Table 4.2) can be used to

convert LHR DATA to a measure for force: 1500 counts approximate 0.01 N.

power. Every time the SLU is activated an initial start-up effect is observed, as

shown in Figure 4.5. Seemingly independent of external influences the output

signal consistently decreases over time to reach a plateau after several minutes.

This behavior was observed in all SLUs with almost identical parameters. For

all sensors this behavior was identified, quantified and corrected.

4.4 Results

The Static Load Test was performed with nine sensors and the Incremental Load

Test with thirteen. Typical examples of the resulting data of both tests are

presented in Figure 4.6 and Figure 4.7 respectively. The performance of the
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Table 4.2 | Sensor performance. All characteristics are presented as mean ± standard de-

viation.

Static Load Test Incremental Load Test

(n = 9) (n = 13)

Sensitivity (105 counts / N) 1.7 ± 0.8 1.3 ± 0.6

Non-linearity (%) 12 ± 10

Accuracy (%) 3.5 ± 3.0

Hysteresis (%) 5.8 ± 1.4 4.9 ± 2.1

Noise (10−3 N) 1.2 ± 0.4

Effective Resolution (10−3 N) 0.15 ± 0.06

Time drift (%/log10(hr)) 2.1 ± 0.7

Time drift after 8hrs (%) 5.0 ± 1.4

Temperature drift (N/◦C) −0.088 ± 0.030

inductive force sensors are summarized in Table 4.2 and described in more detail

below.

The influence of temperature was (-0.088 ± 0.030) N/◦C (R2 = 0.84). The

results of a typical temperature analysis are shown in Figure 4.8.

The time drift of the SLU was determined to be (2.1 ± 0.7) %/log10(hr). Fig-

ure 4.9 shows the observed drift during a typical incremental load measurement.

The noise characteristics are presented in the Allan deviation graph in Fig-

ure 4.10. It shows that the contribution of white noise is relatively small and

that the sensor response is dominated by drift.

4.4.1 Total error

The greatest sources of error are hysteresis (both ways, ±2.5 %) and drift (±2.1 %/log10(hr)).

When the output signal is corrected for the start-up effect and for the influence of
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Figure 4.6 | Static Load Test. The results of a typical Static Load Test. The typical sensi-

tivity (Table 4.2) can be used to convert LHR DATA to a measure for force: 1500

counts approximate 0.01 N.
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Figure 4.8 |Temperature influence. About 85 % of the changes in output signal can be

explained by fluctuations in temperature. It is not clear if this temperature influ-

ence is independent of the observed time drift and the load applied. The typical

sensitivity (Table 4.2) can be used to convert LHR DATA to a measure for force:

1500 counts approximate 0.01 N.
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Figure 4.9 |Time drift. The results of a typical static load test, during the loaded period,

with time on the x-axis on a logarithmic scale. Orange dots represent the observed

drift. A best linear fit and its 95% prediction interval is presented as a blue line.

The blue dots represent the drift at specific times, as per Parmar et al. (2017)’s

method.

61



4

Results Force sensor

10 -1 10 0 10 1 10 2 10 3 10 4

Averaging time, τ [s]

10 1

10 2

10 3

A
ll

an
 D

ev
ia

ti
o

n
, σ

 (
τ
) 

[c
o

u
n

ts
]

Figure 4.10 |Allan deviation The brief decline at the onset of the curve indicates that the

contribution of white noise is relatively small. The upward slope shows that the

sensor response is dominated by drift. It can be concluded that the optimal

averaging time is around 2 seconds.
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temperature, the combined error is approximately ±5 % of the full scale output.

Depending on the application the actual error might be higher due to influences

that were not present in the tests used in this study.

4.5 Discussion

4.5.1 External influences

A negative linear relationship was observed between a change in temperature and

the output signal. This means that with an temperature increase, the output

signal suggests a larger distance between the LC-tank and the aluminum target.

Thermal expansion of the rubber medium might be a cause for the observed

temperature drift.

Most of the fluctuations of the sensor signal under a constant load could be

explained by changes in temperature (R2 > 0.84) and the signal was corrected for

this influence. However, some residual fluctuations could be observed — other

than noise or drift — with an unknown source. These fluctuations might be

caused by higher order effects of temperature or by any other external influence,

but this was not studied extensively.

4.5.2 Effective resolution

The LHR DATA consists of 28-bit numbers, but the resolution of the full output

range is closer to 23–24 bit. This is due to 20-22 count differences between

possible sample values. This quantization fits the documentation of Oberhauser

(2016), which predicts a LDC resolution of 3 Hz (corresponding to ∼ 20 counts

in our reading) when an external oscillator of 40 MHz is used. As the sensitivity

is specified using LHR DATA, the effective resolution is 20–22 times the reciprocal

of the sensitivity.
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The sensors were calibrated over a range of 10 N, which generated an output

signal covering approximately 1% of the 28-bit LDC range. This means that over

the relevant force used, the sensor signal spans a 16-bit range. In practice, the

sensor is able to detect changes in load in the range of tens of mN.

4.5.3 Drift

Although drift is a well-known phenomenon, different methods exist for its quan-

tification. Because of its apparent randomness, it can be difficult to give a clear

figure for drift. It is presented as a percentage after a specific time (Khoda-

sevych et al., 2017; Parmar et al., 2017) or as a percentage per logarithmic hour

(Ferguson-Pell et al., 2000; Interlink Electronics, n.d.; Tekscan, 2012).

Reports on force sensors with similar designs do not present a characterization

of drift (Wang et al., 2017) and did not allow for any meaningful comparison, so

we have compared the observed drift in our sensor to that of commonly used force

sensors. We chose Parmar et al. (2017)’s definitions and methods, who evaluated

several force sensitive resistors (FSR) and applied 72.7 mmHg to their sensors.

After 8 hours the signal had drifted with 10–25% compared to the value after

an initial settling time of 26 seconds. Using the same protocol Khodasevych et

al. (2017) found 0.4–24% drift after 8 hours for more FSRs. In our Static Load

Test a weight of 500g was placed on the sensor with 10 mm diameter, equal to

74.6 mmHg. After 8 hours, our sensors showed 5.0 ± 1.4 % drift.

The chosen settling time has a large influence on the figure for drift. Every

sensor has some transient behavior before reaching its steady state, but the exact

end of the transient behavior is hard to find and might be after several hours.

The choice for a settling time of 26sec (Parmar et al., 2017) or 30sec (our study)

is arbitrary and creates a risk of bias. In most cases drift is not purely linear but

rather logarithmic, so the choice for a longer settling time generates a lower value

for drift. Additionally, a longer settling time creates a higher reference value (Pi
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in Parmar et al. (2017)), which in turn also lowers the value for drift.

Figure 4.7 shows an apparent time response (whether it be called response

time or drift) after every change in load in the Incremental Load Test. While

other sensors might have a clear distinction between response time and drift, our

sensor does not: these characteristics rather seem to overlap. Due to drift of the

sensor signal, it is impossible to determine a stable ‘end’ value without choosing

an arbitrary time span. It is therefore also not possible to determine how long

it takes to reach this value. With the drift present, any calculation of response

time would be influenced by the choice for an arbitrary time span and is therefore

omitted in this paper. Our choice for a settling time of 30sec is arbitrary and of

pragmatic nature.

Any quantification of drift should be practical, and presenting it as a percent-

age per logarithmic time gives a better idea about the error that has to be taken

into account when studying the sensor data. According to the datasheets of vari-

ous FSRs (Interlink Electronics, n.d.; Tekscan, 2012), their drift is< 5 %/log10(hr).

Using the same calculation method, our sensor shows a logarithmic drift of

(2.1 ± 0.7) %/log10(hr).

4.5.4 Reflection

For the specific application of long-term force measurements in the treatment of

clubfoot, the performance of the developed force sensor fits most requirements.

The sensor is thin enough to be placed underneath the cast without causing skin

problems and the AU is neither bulky nor heavy. The observed drift is better than

for most FSRs (Interlink Electronics, n.d.; Parmar et al., 2017; Tekscan, 2012) but

slightly higher than required. In our application the force is expected to slowly

decrease to a certain minimum level. In those measurements the error caused by

drift might be limited since the observed drift appears to be load-dependent.

The influence of temperature can not be corrected perfectly and some residual
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error can be expected. However, the temperature underneath a plaster cast is

not expected to fluctuate much and by using an external thermometer most of

the temperature influence can be corrected in post-processing. Hysteresis can

not be corrected for since the actual load on the sensor is unknown and therefore

the loading history can not be compensated for.

All sensors were assembled by hand which surely has introduced some varia-

tions in the amount of glue and subsequent distance between the LC-tank and the

aluminum target. Any excessive glue might have created unforeseen connections

between the rubber medium and the LC-tank, which is likely to have created

variations in drift and hysteresis. Still the differences between the sensors tested

were fairly small. A more controlled production method will decrease these dif-

ferences and can be expected to improve the reproducability of the performance

of the sensors.

This sensor is very suitable for other biomedical applications where gradual

changes of force should be measured in a small volume. Applications that come

to mind are prosthetic socket fitting and prevention of pressure ulcers. For ap-

plications requiring a higher bandwidth, a sacrifice in power consumption should

be made in the settings of the LDC1614. For applications requiring other force

ranges, the stiffness of the medium may be changed.

4.5.5 Limitations

We did not have the means to perform the tests in an environment with a con-

trolled temperature, barometric pressure and humidity. Instead we used the

fluctuations in temperature to determine its influence and correct the signal for

it. This may have introduced a confirmation bias. Additionally, the temperature

influence was determined with a load of 500g and we did not test if this influence

was load dependent.

During the Incremental Load Test, the maximum load (1kg) was usually ap-
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plied longer than the other loads. Due to the time drift, this might have lead to

an overestimation of the calculated hysteresis.

4.5.6 Sensor in practice

Preliminary results of measurements in the treatment of habitual toe walkers,

Dupuytren fingers (Chapter 5) and clubfeet (Chapter 6) show excellent func-

tioning for long term measurement. Encountered problems in these applications

were of practical nature and were resolved with improved design: delamination

of the aluminum target at the removal of the sensor was resolved by adding a

post-it on top, battery failure was resolved by enhanced feedback with two LEDs

on the AU and problems with identifying the start of important events in the

logging was resolved by adding an input button on the AU.

4.6 Conclusions

A practical small-sized force sensor has been developed for long-term precision

measurements in a portable setting. The used approach of inductive sensing

combined with a compressible medium shows good applicability for the proposed

force measurements between the skin and a cast, and great potential for many

other applications.
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Chapter 5

Tissue adaptation rate in

the treatment of Dupuytren

Bob Giesberts, Anne ter Haar, Martijn Sanderman, Edsko Hekman

and Bart Verkerke

This chapter is accepted for publication (22-Sept 2018) as R.B. Giesberts, A. ter Haar, M.

Sanderman, E.E.G. Hekman, and G.J. Verkerke (n.d.) Tissue adaptation rate in the treatment

of Dupuytren contracture, Journal of Hand Therapy
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Abstract

Study design: Basic research. (cross-sectional)

Introduction: Dupuytren disease can cause disabling contractures of the fin-

ger joints. After partial fasciectomy, postoperative hand splinting helps to

maintain extension range of motion.

Purpose of the study: To measure how the contraction forces of the finger

on the splint change over time.

Methods: Subjects that were treated for Dupuytren contracture with partial

fasciectomy were invited to participate in this study. Force sensors were placed

in their dorsal extension splint and the applied force was measured continually

for several weeks.

Results: 11 Subjects (59–75 yrs old) with the MCP (8) or PIP (3) as their

most severely affected finger joint participated. Each night, the measured force

consistently decreased to reach a plateau after about three hours (adaptation

time 2.55 (95% CI: 0.2–31.8) hrs). The time to reach this plateau decreased

with time after surgery (≈ 5 %/day, p = 0.0005, R2 = 0.08).

Conclusions: The observed rate of decrease in the measured force indicates a

tissue adaptation time of approximately three hours.
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5.1 Introduction

Dupuytren is a genetic disease that affects the palmar aponeurosis, often resulting

in contractures of the finger joints (Shaw, Chong, Zhang, Hentz, & Chang, 2007).

A contracture causes a deficit in range of motion (ROM) for a specific joint. This

can make ordinary tasks like a handshake or grasping a bottle of water very

difficult, making it a real handicap for the patient (Foissac, Camuzard, Dumas,

Dumontier, & Chignon-Sicard, 2013).

There are several accepted treatment methods for Dupuytren contracture,

with collagenase injections (Gilpin et al., 2010) and needle fasciotomy (van Ri-

jssen, Gerbrandy, Linden, Klip, & Werker, 2006) becoming popular. Many ap-

proaches of nonoperative treatment methods have been proposed and abandoned,

and their application is still experimental (Brauns, Nuffel, Smet, & Degreef,

2017). Often partial fasciectomy is the choice of treatment, in which the affected

tissue is surgically removed to loosen the contracture (Townley, Baker, Sheppard,

& Grobbelaar, 2006). Postoperative physical exercises and wearing a hand splint

at night may be prescribed to stimulate recovery and prevent new contractures

(Herweijer, Dijkstra, Nicolai, & van der Sluis, 2007; Larson & Jerosch-Herold,

2008).

During the recovery process of the tissues in the hand, cross-links are formed

to connect collagen fibres (de Morree, 2014). If these fibres are formed with the

the fingers flexed — the natural position of a relaxed hand — new contractures

can form. The function of the hand splint is to help maintain the extension ROM

during the recovery process and to help correct any residual contractures (Collis,

Collocott, Hing, & Kelly, 2013). In this process, the longer the joint is held in

its end range, the greater the gain in ROM (Flowers & LaStayo, 1994).

Because the splint prevents flexion of the fingers, it applies an initial force

on the fingers, stretching the tissues. At first the tissues will resist and the

initial force (F0) can be relatively high. However, over time the tissues will adapt
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(a.o. due to viscoelastic stress-relaxation) and the process of wound recovery

will change, both causing the force to decrease. Since the tissues adapt to their

imposed new position, it can be assumed that the end range of the finger joint

also shifts. Due to this shift, after a certain amount of time the finger joint will

no longer be in its end range and the force on the fingers reaches a plateau.

According to the Total End Range Time principle (TERT), the longer a joint

is held in its end range, the greater the gains in ROM (Flowers & LaStayo, 1994).

Several researchers have found that in the treatment of contractures greater gains

in ROM are achieved with longer splint use, both in hours and in weeks (Flowers

& LaStayo, 1994; Glasgow, Fleming, Tooth, & Hockey, 2012; Glasgow, Wilton, &

Tooth, 2003). However, neither Jerosch-Herold et al. (2011), Kemler, Houpt, and

van der Horst (2012) nor Collis et al. (2013) could find evidence for the efficacy

of postoperative night splinting in addition to hand therapy when compared to

hand therapy alone. Some patients find the splint uncomfortable and compli-

ance is an issue (Chojnowski, Wach, & Degreef, 2017; Kemler et al., 2012; Rives,

Gelberman, Smith, & Carney, 1992). In light of these recent findings the func-

tion of postoperative splinting has become unclear and postoperative splinting

for the treatment of Dupuytren contractures has become a controversial topic

(Chojnowski et al., 2017; Huisstede, Gladdines, Randsdorp, & Koes, 2017).

We investigated the process of tissue adaptation in the treatment of Dupuy-

tren contractures on macro-level by measuring the forces in a hand splint. Force

is the main outcome measure in this study. One can imagine that a certain

threshold force exists below which the body does not respond. For example, the

gravitational force that acts on one’s arms does not significantly elongate them.

The force at the end of the relaxation period (the final force, F∞) will reflect

this threshold value. Mechanically speaking, the tissue behaves as a “spring-

damper system”. For such a system, the resisting force F (t) depends on the

adaptation rate (τ , in hours) and both the initial and threshold force (F0 and

F∞, in Newtons) as follows:
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F (t) = (F0 − F∞) · e− t
τ + F∞ (5.1)

The aim of current study is to characterize the adaptation rate of the tissue to

give a new perspective in the discussion on the efficacy of postoperative splinting.

5.2 Methods

This is a descriptive study conducted at a single health centre specialised in hand

care (Handencentrum Enschede). The Medical Ethical Evaluation Committee

of the Medisch Spectrum Twente (MST) reviewed the study according to the

declaration of Helsinki, and declared that it does not meet the criteria as stated

by the Medical Research Involving Human Subjects Act (WMO), and therefore

did not require their approval.

5.2.1 Participants

Patients of the Handencentrum Enschede that were treated for Dupuytren con-

tracture with an open partial fasciectomy were asked to volunteer in this study.

Our postoperative treatment protocol included application of a night splint. Only

fingers with extension deficit contractures that were treated with a dorsal hand

splint were included. Patients with infected or severely swollen wounds or with

skin grafts were excluded. If patients were simultaneously treated for multiple

fingers, the finger with the largest deficit was monitored. All patients provided

written informed consent.

5.2.2 Study variables

Baseline information was collected including age, gender, affected digit (middle,

ring or little), affected joint (metacarpophalangeal (MCP), proximal interpha-
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langeal (PIP), distal interphalangeal (DIP)), pre-operation (pre-op) active range

of motion (AROM) and treatment history. Post-operation (post-op) AROM and

force of the hand on the splint were measured in the weeks after surgery. Total

active extension (TAE, defined as the sum of active MCP, PIP and DIP joint

extension) and total active flexion (TAF, defined as the sum of active MCP, PIP

and DIP joint flexion) were calculated.

5.2.3 Materials

A pocket finger goniometer (Exacta�, North Coast Medical, Inc., Gilroy, CA,

USA) was used to measure AROM of the MCP and PIP joint in both extension

and flexion. For the DIP joint a JAMAR® goniometer was used (Preston, Jack-

son, MI, USA). An accuracy of ±5◦ is mentioned for the measurement of finger

joint angles (Ellis & Bruton, 2002).

Force was measured using a custom-made force sensor (Figure 5.1a), based

on inductive sensing (Kasemsadeh & LaPointe, 2016). This sensor was specifically

developed to overcome the difficulties with commercially available thin force sen-

sors, like drift, size or costs. A digital DS1825 thermometer (Maxim Integrated,

San Jose, CA, USA) was included to allow correction for temperature drift. Ex-

tensive information about the force sensor and its performance is available in a

separate paper (Giesberts, Sluiter, & Verkerke, 2018, Chapter 4). The specifics

are summarized in Table 5.1.

A data logger equipped with a small battery and microSD card was used to

locally store the measurements of both the force sensor and the thermometer

(see Figure 5.1a). The system was programmed to store data continually for

periods of ten seconds, six times per hour, and can operate for at least seven days

without requiring any interventions.
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Table 5.1 | Force sensor characteristics. More detailed information about the custom made

inductive force sensor is available in another publication (Giesberts, Sluiter, &

Verkerke, 2018, Chapter 4).

Characteristic Value

Dimensions (ø × thickness) 10 × 2.3 mm

Resolution 0.15 × 10−3 N

Accuracy ≈ 3.4 %

Sample rate 18 Hz

Drift < 2.1 % / log10(hr)

Hysteresis ≈ 6.0 %

Temperature drift ≈ -0.1 N / ◦C

5.2.4 Measurement protocol

Three to five days after surgery, a custom-made hand splint was fitted to the

patient. Before placement, the force sensors were carefully calibrated using ten

weights of 100g each. Then the force sensor and thermometer were placed on

the inside of the splint, underneath the customary layer of foam, to prevent any

direct contact with the skin. Depending on the most affected joint (MCP or

PIP), the force sensor was located at the distal part of the metacarpal or the

proximal phalanx (Figure 5.1). The data logger was attached on the outside of

the splint with Velcro.

Following standard treatment, the patient was instructed to use the splint at

night only and return weekly to have the therapist assess the finger and adjust

the splint if necessary. In certain cases, additional daytime use of 3×1 hour per

day was advised.

At every weekly visit the battery and memory card were replaced and the

AROM of the affected finger was measured. After three weeks the force sensor

was removed from the splint. Night-time splint use continued for several months
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(a) The sensor

Force sensor

Data-
logger

F

F

F

Active

Splint
Relaxed

(b) Sensor location (c) Handsplint

Figure 5.1 |Use of the force sensor. A custom made inductive force sensor was placed

on the handsplint to measure the force of the hand on the splint. c Wires were

routed distally and the data logger was attached to the dorsal side of the splint

with Velcro.

and a short-term follow-up AROM measurement was planned three months after

surgery.

5.2.5 Data analysis

Each retrieved data set consisted of time, force and temperature data of one

week. Donning and doffing resulted in a sudden change in temperature and

corresponding times were manually identified in post-processing. Each identified

selection was defined as a wear period.

Wear periods

For every wear period the duration and the time since surgery were determined.

Each wear period’s force data was fitted to Equation (5.1) using Matlab 2016b’s

fit function. This function generates values and 95% confidence intervals (CI)

for F0, τ and F∞. The used restrictions (bounds) for this fit function were

0.001 < τ < 2000 hrs and F∞ < F0. The adaptation time was defined as 3τ ,

which represents the required time to reach 95% of the equilibrium.
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Wear periods were excluded for further analysis if the duration was shorter

than half an hour, the goodness of fit (R2) was less than 0.01, or the 95% CI for

τ included negative numbers.

Statistical analysis

The distribution of extracted data values were checked for normality using Liliefors

tests. Finger AROM differences between pre-op, post-op and follow-up were

tested for significance using Mann-Whitney U-tests. Statistical significance was

defined as p < 0.05.

The influence of the time since surgery on variations in duration, adaptation

rate (τ), initial force (F0) and final force (F∞) were analyzed with a linear regres-

sion. For this regression the logarithm of the adaptation rate was used because

it had a log-normal distribution. The result of that regression was transformed

with

log(τ) = A+B · t

τ = e(A+B·t)

τ = eA · eB·t

τ = C ·
(
eB

)t
,

in which A and B and the resulting coefficients form the linear regression, C is

the initial adaptation rate and eB the decay rate.
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5.3 Results

5.3.1 Subject characteristics

After signing informed consent, initially 17 subjects were enrolled of which 6 were

excluded due to severly swollen wounds or a suspected infection. A total of 11

subjects were included in the study. Subject characteristics are summarized in

Table 5.2.

Table 5.2 | Subject characteristics. This table presents the specifics for the selected fin-

gers only. In the case of multiple affected fingers and joints, the most severe one

was selected. Treatment history is any previous surgery related to the Dupuytren

disease.

Variable Results

Age (mean (range)) 67 (59–75) years old

Gender (M/F) 6 / 5

treatment history (yes/no) 5 / 6

Hand (L/R) 6 / 5

Finger (middle/ring/little) 0 / 5 / 6

Joint (MCP/PIP/DIP) 8 / 3 / 0

5.3.2 Active range of motion

The surgery promptly improved AROM of the MCP joint for extension (p = 0.006)

and remained improved in follow-up as shown in Table 5.3 and Figure 5.2.

Flexion AROM decreased after surgery but improved in the weeks after surgery.
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Week 1 Week 2 Week 3
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Figure 5.2 |AROM change. (left and top) Average AROM measurements of all subjects

combined. Before surgery (blue) a substantial extension deficit in the MCP joint

could be observed. After surgery (gray) this deficit was almost completely removed

although finger flexion was hindered. In follow-up after three months (orange)

the range of motion of the finger was improved both in extension and in flexion.

(bottom right) Post-op AROM measurements of all subjects combined, grouped

per week after surgery. TAE: Total Active Extension, TAF: Total Active Flexion.
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Table 5.3 |AROM. Active range of motions (AROM) in the finger joints. Data is presented

as median (range) in degrees. Statistically significant AROM differences between

pre-op, post-op and follow-up are presented in bold.

Joint Pre-op Post-Op Follow-Up Pre

vs

Post

Pre

vs

Follow

Post

vs

Follow

n 9 10 6 p p p

MCP Extension 32 ( -10– 58) 1 ( -7– 22) 3 ( -3– 18) 0.006 0.023 0.624

flexion 85 ( 68– 92) 41 ( 16– 66) 85 ( 75– 89) 0.000 0.670 0.000

PIP Extension 10 ( 1– 61) 8 ( 2– 43) 5 ( 0– 28) 0.734 0.368 0.471

flexion 92 ( 80–101) 66 ( 26– 94) 85 ( 80–104) 0.002 0.711 0.016

DIP Extension -7 ( -21– 0) -10 (-24– 12) -11 ( -21– -5) 0.796 0.212 0.474

flexion 51 ( 39– 69) 31 ( 6– 50) 59 ( 36– 71) 0.001 0.508 0.005

TAE 30 ( 14– 95) -2 (-16– 77) 3 ( -14– 13) 0.002 0.000 0.654

TAF 224 (214–241) 135 ( 48–194) 228 (204–258) 0.000 0.796 0.000

5.3.3 Splint forces

With the exception of one subject in which the sensor failed after two days, the

force of the affected finger on the splint was measured for several weeks (range 10–

24 days). A typical measurement is shown in Figure 5.3. Of the 210 identified

wear periods, 153 met the criteria stated in 5.2.5 and were included for further

analysis. The extracted data from these wear periods is presented in Table 5.4.

The force decreased over time with a mean adaptation rate of 0.85 hours, hence

the adaptation time was 2.6 hours.

5.3.4 Influence of time since operation

With every day, the adaptation time decreased somewhat (≈ 5 %/day, p = 0.0005,

R2 = 0.08) (see Figure 5.4). Similar trends were found for duration (-5 min/day,

p = 0.03, R2 = 0.03), initial force (-0.01 N/day, p = 0.003, R2 = 0.06) and final

force (-0.007 N/day, p = 0.04, R2 = 0.03).
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Table 5.4 |Wear periods. The values for adaptation rate are log-normally distributed (Lil-

liefors, p = 0.09), so the transformed mean and 95% CI are given. The values

for duration, F0 and F∞ are not normally distributed (p = 0.002, p = 0.001 and

p = 0.001 respectively), so the median and interquartile ranges (IQR) are given.

Measure Results

N 153

Duration 7.3 (IQR: 3.7–9.0) hrs

Adaptation rate (τ) 0.85 (95% CI: 0.1–10.6) hrs

Adaptation time (3τ) 2.55 (95% CI: 0.2–31.8) hrs

Initial force (F0) 0.07 (IQR: 0.01–0.29) N

Final force (F∞) −0.08 (IQR: -0.31–0.01) N

5.4 Discussion

The extension deficit caused by the effects of Dupuytren were successfully treated

in all subjects. Although MCP extension had significantly improved after surgery,

flexion AROM temporarily worsened, most probably due to swelling and sensi-

tivity of the wound. The follow-up AROM measurements showed that after three

months the improvement of finger extension was effectively maintained and that

finger flexion was regained. However, Dupuytren’s contracture is known to be

recursive and follow-up was too short to make any statements about long-term

results.

5.4.1 Total end range time

The TERT theory is based on a study looking at post-traumatic PIP joint stiff-

ness. In their experiment, Flowers and LaStayo (1994) used plaster casts, which

can be considered an even more static approach than using a hand splint. Still,

they found that removing the cast after six days resulted in a significantly greater

ROM than did removal after three days. Following their theory that ROM only
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Figure 5.3 |One wear period. Typical example of the force measurement of one wear period.

Six times per hour the force is logged for 10sec, represented by the vertically

grouped blue dots. The prediction from the fit is presented as a solid blue line.

The lightblue area represents the 95% confidence interval of the fit. After t = τ ,

t = 2τ and t = 3τ , the force has decreased by 63%, 86% and 95% respectively.

improves when a joint is held in its end range, and assuming that a certain thresh-

old force is needed to keep a joint in its end range, then it can be concluded that a

certain threshold force is needed to improve ROM. Our interpretation of Flowers

and LaStayo (1994)’s measurements is that after three days the force must still

have been above the threshold force. Our measurements consistently show that

a plateau is reached within hours. Be aware that Flower’s subjects had closed

trauma whereas ours had open fasciectomy.
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Figure 5.4 |Adaptation rate vs days. After surgery the adaptation time decreased some-

what. Every blue dot represents the calculated adaptation rate of one wear period,

its opacity represents the goodness of fit (R2) for that wear period. The solid or-

ange line represents the fit to the data (≈ 5 %/day, p = 0.0005, R2 = 0.08), with

the dotted orange line the 95%CI interval to this fit.

5.4.2 Postoperative splinting

Without proper postoperative care, the surgically gained ROM might soon be

lost again due to wound contraction and scar tissue formation in a relaxed (i.e.

flexed) position. Hand therapy prevents stiffening of the joints and stimulates

recovery. The hand splint may help to maintain the ROM that is gained with

surgery.

A hand splint is intended to hold the affected joint in its end range, like the

plaster cast did in the experiment of Flowers and LaStayo (1994). Our results

consistently show that with this static approach the force decreases over time to
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reach a mechanical equilibrium within hours. On average, the adaptation rate

was calculated to be 0.85 hours, so in most cases 95% of the equilibrium (the

adaptation time, 3τ) was reached after wearing the splint for about three hours.

When the force has reached an equilibrium, the joint can no longer be in its end

range, and — since the joint is immobilized by the splint — the end range must

have shifted. Following the TERT principle the splint would only improve ROM

during the few hours before reaching the mechanical equilibrium. However, other

factors that were not measured such as compression might have an effect on the

adaptation of the tissues. More research is needed to assess the minimal wear

duration.

5.4.3 Wound contraction

During the proliferation phase of wound recovery, myofibroblasts surrounding

the wound produce collagen and contract to close the wound (de Morree, 2014).

Wound contraction is usually most prominent in the first weeks after surgery, and

the greatest risk of losing ROM can be expected. This phenomenon is reflected

in our observation that the adaptation time decreases in the weeks after surgery.

It suggests that in the first days or weeks after surgery the tissue is more plastic,

therefore more ROM can be regained and it takes longer to reach the equilibrium.

In later weeks, the wound matures and less ROM is lost, hence the decreasing

adaptation time. Following this principle the splint should be used at least as

long as wound recovery continues. Indeed, hand therapists prescribe splint use

for three to six months (Collis et al., 2013).

5.4.4 Study limitations

Because the force sensors were not placed directly on the skin but rather under-

neath a protective layer of foam, the measured forces did not equal the actual

forces on the finger. This does not influence the magnitude of τ , but could give
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unrealistic low values for F∞ and F0 since the force is distributed over a larger

area than measured.

The exclusion of a wear period for further analysis based on its force data

might create a risk of confirmation bias. However, the force data of these excluded

wear periods would appear to have multiple spikes or an overall chaotic pattern,

resulting in a low goodness of fit and a large 95% CI for τ when trying to fit

the data to eq. (5.1). This profile fits the description of subjects mentioning

that occasionally they would readjust or remove the brace at night. In those

cases the exact beginning and end of a wear period could not be determined in

post-processing because these actions would not result in a sudden temperature

change. Therefore, exclusion based on the fit analysis is justified.

For safety and comfort a relatively small battery was used which required

the use of an intermittent measurement protocol to save battery power. Since

the force and temperature were measured every ten minutes, this means that

the exact beginning of each wear period has an maximum error of ten minutes.

This error will have influenced the accuracy of the calculation of small adaptation

rates (< 0.5hr). The error will also have influenced the magnitude of F0 but not

of F∞.

From a scientific point of view passive ROM might have been a more relevant

measure than active ROM, but for ethical reasons we were unable to deviate from

the standard treatment protocol.

The choice to only include the finger with the largest deficit in case of multiple

affected fingers might have skewed the outcomes.

Although a clear decrease in force was observed, it does not necessarily say

anything about the internal structures in the hand. No medical imaging tech-

niques were used to be able to correlate the measured force to physical changes

in the hand. The reached mechanical equilibrium within several hours suggests

rapid tissue adaptation, but does not provide hard evidence since the correction
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of contractures might be multi-factorial.

5.5 Conclusions

Forces in postoperative splinting in the treatment of Dupuytren contracture were

measured. Each night the observed force decreased to reach an equilibrium after

about three hours. In the weeks following surgery the adaptation time decreased

slightly, so every week the equilibrium was reached earlier.
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Rapid decrease of

cast-induced forces in the

Ponseti method

Bob Giesberts, Edsko Hekman, Bart Verkerke and Patrick

Maathuis

This chapter is accepted for publication (21-Sept 2018) as R.B. Giesberts, E.E.G. Hekman,

G.J. Verkerke and P.G.M. Maathuis (n.d.) Rapid decrease of cast-induced forces in the Ponseti

method, The Bone & Joint Journal
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Abstract

Background: The Ponseti method is an effective evidence-based treatment

for clubfoot. This treatment method uses gentle manipulation to adjust the

position of the clubfoot in serial steps towards a more physiologic position.

Casting is used to hold the newly achieved position. At first the clubfoot resists

the new position imposed by the plaster cast, pressing against the cast, but

over time the tissues in the clubfoot are expected to adapt to the new position

and the force decreases. The aim of current study is to test this hypothesis by

measuring the forces between clubfoot and cast in the Ponseti method.

Methods: Force measurements were taken during the treatment of 10 idio-

pathic clubfeet. Force data was collected for multiple weeks at the location of

the talar neck (TN) and the first metatarsal (FM) to determine the adaptation

rate of the clubfoot.

Results: In all measurements the force decreased over time. The median

(inter-quartile range) of the half-life time was determined at 26 (20 – 53) min-

utes for FM and 22 (9 – 56) minutes for TN. This suggests that the clubfoot

tissues adapt to the new position within several hours.

Conclusions: This is the first study that provides objective force data that

supports the hypothesis of adaptation of the idiopathic clubfoot to the new

position imposed by the cast. We showed that the expected decrease in cor-

rective force over time does indeed exist. An important new insight on the

physiology of the Ponseti method is that the required correction time may well

be much shorter than the originally proposed and generally accepted period of

one week.

88



6

Ponseti forces Introduction

6.1 Introduction

Clubfoot (talipes equinovarus) is a common congenital deformity which is often

treated with the Ponseti method (Ponseti & Smoley, 1963). In this method, the

treating physician manipulates the clubfoot by applying manual pressure on the

medial side of the first metatarsal (FM) with counter pressure on the lateral side

of the talar neck (TN). This pressure causes the forefoot to align properly with

the talus while moving the calcaneus in the subtalar joint to its proper position.

The newly imposed position stretches and remodels the clubfoot’s tissues and is

maintained for a week with a plaster cast. Most cases of clubfoot are corrected

after five to six cast changes and, in many cases, a percutaneous Achilles tenotomy

(Morcuende, Dolan, Dietz, & Ponseti, 2004). After the casting period, a foot

abduction brace needs to be worn for several years to prevent relapse (Dobbs et

al., 2004).

It is suggested that in serial casting most of the correction is obtained by

the manipulation. As suggested by Carroll (1990) “The plaster does not produce

the correction” (as cited in R. Brand et al., 2006), but it merely maintains the

improved orientation of the foot, gained by the manipulation. The mechanical

behavior of the clubfoot tissues can be characterized as “visco-elastic” (Lis, de

Castro, & Nordin, 2012; Özkaya et al., 2012). That is, its behavior is partly

elastic (i.e. deformation is recovered after removal of the load) and partly plastic

(deformation is permanent). Initially the clubfoot’s tissues resist the correction,

acting as a spring pressing on the plaster cast. When the plaster cast is removed

after a week, the clubfoot does not immediately return to its original position.

Apparently over time these tissues have adapted to the applied force. The de-

creasing stress in response to an initial stretch is known as stress-relaxation and

the rate at which the force decreases is the adaptation rate. It can be character-

ized by a half-life time t1/2, which is the time required for the force to decrease

to half of its original value.
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Objectively quantifying the Ponseti method will create a better understanding

of its physiology. Force sensors are used to obtain a measure for the correction

forces. We hypothesize that the force which the clubfoot applies to the plaster

cast will decrease over time, as a result of the adaptation of the tissues in the

clubfoot to the position imposed by the plaster cast. The aim of this study is to

test this hypothesis, to determine correction forces in time and to calculate the

half-life time of a clubfoot in the Ponseti method.

6.2 Methods

This study is an exploratory observational study performed at the University

Medical Center of Groningen (UMCG) situated in the Netherlands.

The medical ethical evaluation committee of the UMCG reviewed the study

in accordance with the declaration of Helsinki, and declared that it does not

meet the criteria as stated by the Medical Research Involving Human Subjects

Act (WMO), and therefore did not require medical ethical approval (document

number M16.196266).

6.2.1 Children

Children with idiopathic clubfoot, who were younger than 3 months, and who

had had no form of prior treatment were selected for this study. After obtaining

informed written consent from both parents, the children were included in the

study. From the children who presented with bilateral clubfoot, the foot with the

highest Pirani and Diméglio score was included for measurements.
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Table 6.1 | Force sensor characteristics. For more details: (Giesberts, Sluiter, & Verkerke,

2018, Chapter 4).

Characteristic Value

Dimensions (ø × thickness) 10 × 2.3 mm

Resolution 0.15 × 10−3 N

Accuracy 3.4 %

Sample rate 18 Hz

Drift < 2.1 % / log10(hr)

Hysteresis 6.0 %

Temperature sensitivity -0.1 N / ◦C

6.2.2 Materials

Figure 6.1a shows a custom made force sensor, based on inductive sensing

(Kasemsadeh & LaPointe, 2016), that was developed for the specific application

of this study. The output signal of this force sensor is LHR DATA, a 28-bit digital

value proportional to the resonance frequency of the sensor, which is a measure for

the applied force. More information about the force sensor and its performance is

presented in Chapter 4 (Giesberts, Sluiter, & Verkerke, 2018). The specifics are

summarized in Table 6.1. A digital DS1825 thermometer (Maxim Integrated,

San Jose, CA, USA) was included to allow for the correction of temperature

induced signal disturbance.

An acquisition unit equipped with a small battery and microSD card was used

to locally store the measurements of both the force sensors and the thermometer

(see Figure 6.1b).
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Figure 6.1 |Use of the force sensor. Two custom made inductive force sensors were placed

on the clubfoot to measure the force of the foot on the cast. Wires were routed

distally and the acquisition unit was attached to the cast laterally.

6.2.3 Measurement protocol

Before use, the force sensors were calibrated using ten weights of 100g each. To

assess the severity of the clubfoot deformity and the progress of the treatment,

both the Pirani and Diméglio scores were taken.

Before manipulation of the foot, the treating physician carefully placed a force

sensor on both the FM and TN using Cutinova Hydro (Smith&nephew, Hull,

England) to protect the skin underneath the sensor, and Medipore tape (3M,

Neuss, Germany) to attach it to the skin (see Figure 6.1c). The thermometer

was placed on the plantar aspect of the foot (see Figure 6.1b). A strip of Coban�

tape (3M, Neuss, Germany) was applied between the skin and the thermometer

and wires.

The foot was treated following the Ponseti method. Wires were routed distally

and, as soon as the plaster had set, the acquisition unit was attached to the

cast laterally with Peha-haft bandage (Hartmann, Heidenheim, Germany) (see

Figure 6.1b).

92



6

Ponseti forces Methods

At the next scheduled meeting the cast and sensors were removed, after which

the data was copied to a computer and the battery replaced while the parents

had the opportunity to bathe their child. The foot was inspected for any signs of

skin damage and the protocol was repeated until the final cast before tenotomy.

6.2.4 Data collection

The system was programmed to store time, force and temperature data continu-

ously for the first four hours, after which the system entered a low power state to

extend battery life. Four times per hour it woke up from this state to collect data

for ten seconds (see Figure 6.2). The timing of specific steps in the protocol

(placing the sensors, application of plaster cast, releasing the foot) was noted to

identify important events in the data.

14400 sec (4 hours) 890 890

10 10 10 10

890 890

10

890

1 hour 1 hour 1 hour 1 hour 1 hour

SD filter (window: 10 sec) 
low pas filter (cutoff frequency: 1/60 Hz)

SD filter
median

Figure 6.2 |Measurement protocol. The system was programmed to measure the force

continuously for the first 4 hours after which it switched to a battery saving

protocol with four 10 second long periods per hour.

6.2.5 Mathematical model of the mechanical behavior

Assuming that tissue mechanically behaves as a visco-elastic material, the resis-

tive force when it is stretched to a certain length can be modeled using Equa-

tion (6.1) (Murata, 2012).

F (t) = (F0 − F∞) · 2−
t

t1/2 + F∞ (6.1)
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In this equation, F (t) is the (resistive) force at time t, and F0 and F∞ are the

starting force (t = 0) and end force after a long time (at infinity), respectively.

Parameter t1/2 is known as the half-life time. What the equation means is that

the force decays from starting value F0 to final value F∞. The lower the half-life

time, the faster the force decays. The half-life time t1/2 represents the time after

which the force has dropped from F0 to halfway the final value F∞. Figure 6.3

illustrates how the force decays to 95% after 4.3 half-life times.

F
o

rc
e 

(N
)

Time (hrs)

0%

50%

75%

87%

100%
95%

t
½

F
∞

F
0

2t
½

3t
½

4.3t
½

t
0

Figure 6.3 | Expected force decrease. The effect of Equation (6.1) is shown in this figure.

After t1/2 hours the force will have decreased from F0 to F∞ with 50%, after

2t1/2 with 75%. After 4.3t1/2 95% of the decrease will have happened.

6.2.6 Data processing

Each retrieved data set consisted of time, force and temperature data of one

week. All data was processed using Matlab version R2017b.

Erroneous data points (i.e. LHR DATA = 228 − 1 as explained in Texas In-

struments (2014) or T = 85◦C as explained in Maxim Integrated (2005)) were

removed from the datasets.
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The data was corrected for temperature changes and filtered to reduce the

influence of any noise caused by movements of the child. As such, the first four

hours of continuous force sensor data was processed using a moving standard

deviation filter stdfilt with a window of 10sec to identify and remove spikes.

Next, the data was low-pass filtered (cut-off frequency 1/60 Hz) and re-sampled

to have one data point per 10sec. Each 10sec period in the force sensor data was

filtered using the same standard deviation filter and the median was taken over

the filtered data (see Figure 6.2).

The force sensor data (LHR DATA) were then converted to a force value (F (t))

using the calibration data. The start of each measurement (t0) was defined as

the exact moment the physician released the foot (that is, when the casting was

finished).

Each data set was then fit to Equation (6.1) using Matlab 2017b’s fit func-

tion. This function generates values and 95% confidence intervals (CI) for the

initial force F0, the final force F∞ and the half-life time t1/2. The used restric-

tions (bounds) for the fit function were 0.001 · ln(2) < t1/2 < 1000 · ln(2) hrs

and F∞ < F0. Data sets for which the half-life time could not be calculated

(R2 < 0.50) were excluded from further analysis.

6.2.7 Statistics

The determined values for t1/2, F0 and F∞ were tested for normality using Lil-

liefors’ test and presented as median (interquartile range, IQR). Correlation of

the calculated half-life time with the cast number and the Diméglio score and

age at the moment of casting were determined using Spearman’s rank correlation

coefficient. Statistical significance was defined as p < 0.05.
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Characteristic Value

Children 10

Age (range) 7 (2-30) days

Boys / girls 9 / 1

Bilateral 6

Pre-treatment Pirani 4.3 ± 0.7

Pre-treatment Diméglio 14.0 ± 1.6

Table 6.2 |Child characteristics. Unless stated otherwise numbers are presented as mean

± standard deviation.

6.3 Results

Force measurements were performed in the treatment of ten clubfeet of which

the child characteristics are shown in Table 6.2. Complications in the form

of pressure marks on the skin were encountered in four cases. In two of those

cases further measurements were canceled but the obtained data were included

for analysis. Technical malfunctioning occurred in ten measurements (eight times

insufficient battery power, one disconnected sensor, 1 disconnected thermometer).

In total 29 successful measurements were performed on 10 clubfeet.

6.3.1 Half-life time

The results of one typical measurement are presented in Figure 6.4. For five

data sets (three for FM, one for both FM & TN) the goodness of fit was too small

(R2 < 0.50) to determine a relation between the measured force and the elapsed

time, and were excluded for further analysis. In total 25 data sets for the force

on FM and 28 for the force on TN were analysed. The calculated values for t1/2,

F0 and F∞ are presented in Table 6.3.
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Figure 6.4 |Decreasing force. Typical example of the measured force on FM (top) and TN

(bottom). The raw data in grey is first processed to get the filtered data in orange

and blue. The filtered data is fit to Equation (6.1) to find the half-life time t1/2.

Sensor location Parameter Value

FM

t1/2 (h:mm) 0:26 ( 0:20 – 0:53)

F0 (N) 0.29 ( 0.20 – 0.49)

F∞ (N) 0.09 ( 0.00 – 0.21)

TN

t1/2 (h:mm) 0:22 ( 0:09 – 0:56)

F0 (N) 0.41 ( 0.21 – 0.57)

F∞ (N) 0.03 (-0.42 – 0.16)

Table 6.3 | Data is presented as median (interquartile range) as it was not normally distributed.
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Figure 6.5 |Correlations. In all three diagrams FM is represented as orange points and TN

as blue points. The open circles refer to the measurements of one child that had

much higher values for the half-life time than the others. Spearman’s test was

used to determine the correlation coefficient ρ.

6.3.2 Correlations

Figure 6.5 shows the correlation of the calculated half-life time with the cast

number and the Diméglio score and age at the moment of casting. Trends could

be observed for a lower half-life time with increasing cast number (ρ = 0.46,

p = 0.021) and age (ρ = 0.44, p = 0.030), but only for FM and not for TN.

For unknown reasons the calculated half-life times for one child were much

lower than for the others. This child was not particularly older or younger than

the other children, nor were his clubfeet much different from the other included

clubfeet. Excluding these measurements from the analysis made the initially

found statistically significant correlations disappear, but introduced a negative

correlation of the half-life time with the Diméglio score at the moment of casting

for FM (ρ = −0.51, p = 0.037).
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6.4 Discussion

Studies have estimated the forces (Giesberts et al., 2017, Chapter 3) and torque

(Cohen et al., 2012) on the clubfoot, but never before was force measurement

performed with measurements in multiple patients spanning several weeks each.

In the present study the change of the applied force in the Ponseti method is made

visual. A clear decrease in force was observed in all measurements, with almost

all measurements showing a typical stress-relaxation curve. This supports our

hypothesis (decrease of force over time). The adaptation may have taken place

in the foot, in the cast or both. However, the creep behavior of cast materials is

far too limited for this observed effect (Cohen et al., 2013). This indicates that

the tissues in the clubfoot adapt to the position imposed by the cast.

6.4.1 Limitations

Since the sensors are attached to the skin with tape, each measurement has an

unknown baseline force acting upon it. Additionally, the exact location of the

sensor is unknown since both the skin and the padding are able to move in

relation to the cartilaginous structure below. This makes the absolute values

that are registered by the force sensors somewhat unreliable as can be seen in the

unlikely negative values for F∞. However, this does not affect the calculation of

the half-life time t1/2 since this is only determined by the curve’s shape and not

its absolute value.

The small population size did not allow for any statistical analysis of differ-

ences within the group such as laterality or sex.

Although a clear decrease in force was observed, it does not necessarily say

anything about the internal structures in the clubfoot. No medical imaging tech-

niques were used to be able to correlate the measured force to physical changes in

the clubfoot. In every measurement a mechanical equilibrium was reached within
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several hours, but this does not necessarily indicate that a biological equilibrium

is reached within the same time span.

6.4.2 Stress-relaxation

As shown in Figure 6.3 after 4.3 times the half-life time (4.3t1/2, which in our

case corresponds to less than 2 hours), the corrective force has been reduced by

95% with respect to its final value F∞. After this first period the forces do not

change much: the tissues are in a stable position.

Magnetic Resonance Imaging (MRI) studies comparing tarsal bones before

and about ten minutes after casting show immediate shape changes to the car-

tilage anlagen of the tarsal bones (R. Brand et al., 2006; Mahmoodian, 2010;

Philip, 2014). Stress-relaxation is said to occur within 15–20 minutes after appli-

cation (Fung, 1981) (as cited in Flowers, 2002), but therapists are warned that

“this phenomenon cannot be repeated many times in rapid succession, because

once the relaxation has occurred, the tissue length is maintained by the elastic

restraints within the tissue components such as covalent cross-links” (Peacock,

1984) (as cited in Flowers, 2002). Our observation that the clubfoot reaches a

mechanical equilibrium within 2 hours suggests that most of the correction is

done long before the end of the week and treatment could be accelerated dras-

tically. Decreasing the casting duration has been proposed before (R. Brand et

al., 2006; Mahmoodian, 2010; Philip, 2014) and performed in studies in which

the cast change interval was changed from weekly to twice a week (Elgohary &

Abulsaad, 2015; R. J. Xu, 2011) and even three times per week (Harnett et al.,

2011). The studies all report a reduced treatment time without any signs of ad-

verse effects (Giesberts, van der Steen, et al., 2018, Chapter 2). More research

is needed to find an optimal cast change interval. Our findings suggest that if

there is a limitation to shortening the casting interval, it is biological rather than

stress related.
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6.5 Conclusion

In the treatment of clubfoot with the Ponseti method the foot is manipulated

and held in place with a plaster cast. The applied forces rapidly decrease and

reach an equilibrium within hours after casting. This suggests that:

� the clubfoot tissues adapt and remove stresses within hours

� for stress reasons there is no need to wait one week with changing the cast

� the treatment duration can potentially be drastically decreased

More research is needed to determine the optimal cast change interval.
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Abstract

Background and purpose: Idiopathic clubfeet are commonly treated with

serial manipulation and casting, known as the Ponseti method. The use of

Plaster of Paris as casting material causes both exothermic and endothermic

reactions. The resulting temperature changes can create discomfort to the

patients.

Patients and methods: In 10 patients, we used a digital thermometer with

a data logger to measure below-cast temperatures to create a thermal profile

of the treatment process.

Results: After the anticipated temperature peak, a surprisingly large dip was

observed (Tmin = 26◦C) that lasted 12 hours.

Interpretation: Evaporation of excess water from a cast might cause discom-

fort for clubfoot patients and subsequently, their caregivers.
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7.1 Introduction

The common treatment of idiopathic clubfoot (talipes equinovarus) consists of

serial manipulation and casting, known as the Ponseti method (Ponseti, 2008).

The treatment is started in the first weeks after birth and includes on average five

cast changes, often followed by a percutaneous Achilles tenotomy. The deformity

is successfully corrected in over 90% of all cases (Morcuende et al., 2004). An

abduction orthosis is worn for several years to prevent relapse (Dobbs et al.,

2004).

The Ponseti method dictates toe-to-groin casts with the knee flexed to prevent

slipping of the cast (Maripuri, Gallacher, Bridgens, Kuiper, & Kiely, 2013; Pon-

seti, 2008). Plaster of Paris (PoP) is the accepted casting material, because it is

inexpensive, easily obtained and it can be easily molded (Aydin et al., 2015; Pit-

tner et al., 2008). The use of PoP as casting material involves both an exothermic

(hot) setting reaction and an endothermic (cold) drying process.

7.1.1 Setting

Bandage rolls impregnated with PoP are soaked in lukewarm water before being

wrapped around the foot. The PoP has the following exothermic setting reaction

with water:

CaSO4(H2O) 1
2

+ 1
1

2
H2O → CaSO4(H2O)2 + heat (7.1)

Many studies have focused on the extent of the generated heat and the ef-

fects of the associated temperature peak, that appears minutes after application

(Burghardt, Anderson, Reed, & Herzenberg, 2014; Shuler & Bates, 2013). Ther-

mal injuries can occur if the temperature exceeds 40◦C for longer periods of

time, but can be prevented by optimizing the number of layers used, cast type

and brand, dipping water temperature and cast padding thickness (Halanski et
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al., 2007; Hutchinson & Hutchinson, 2008; Shuler & Bates, 2013). Only a few

layers of cast tape are needed to keep the tiny clubfeet in position, therefore

thermal injuries are uncommon in the Ponseti method.

7.1.2 Drying

Evaporation of the excess water in the cast is an endothermic process, meaning

that it extracts energy from its surroundings, thereby cooling it. The required

energy for the evaporation of the excess water – the latent heat – is drawn in

part from the patient. The effect of this endothermic reaction in the treatment

of clubfoot has not been studied before. However, anecdotal information from

parents suggests that some children struggle to keep warm with the wet and cold

casts (Bridgens & Kiely, 2010; van Doorn, 2016).

We assessed the below-cast temperature profile in the treatment of clubfoot

with the Ponseti method, in terms of both temperature drop and the extend of

this drop.

7.2 Patients and methods

7.2.1 Children

10 Children with idiopathic clubfoot, who were younger than 3 months old, and

who had had no form of prior treatment were selected for this study (Table 7.1).

From the patients who presented with bilateral clubfoot only one foot was in-

cluded for measurements.
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Characteristic Value

Subjects 10

Age (range) 7 (2-30) days

Boys / girls 9 / 1

Bilateral 6

Pre-treatment Pirani score 4.3 ± 0.7

Pre-treatment Diméglio score 14.0 ± 1.6

Table 7.1 |Patient characteristics. Unless stated otherwise numbers are presented as mean

± standard deviation.

7.2.2 Sensors

A 1-wire DS1825 digital thermometer (Maxim Integrated, San Jose, CA, USA)

was used to measure the temperature under the cast. The accuracy of the sensor

is ±0.5◦C (Maxim Integrated, 2005).

7.2.3 Protocol

After manipulation of the foot, the orthopedist placed the thermometer on the

plantar aspect of the foot (see Figure 7.1a). A strip of Coban� tape (3M,

Neuss, Germany) was used between the skin and the thermometer and wires (see

Figure 7.1b). The thermometer was connected to an electronic data logging

system with a small battery and SD card, enclosed in a 3D-printed casing. After

placing the sensor, the foot was treated as usual following the Ponseti method.

The cast technician cut one roll of Gypsona (BSN Medical GmbH, Hamburg,

Germany) in half, dipped it in a sink filled with lukewarm (20–25◦C) water and

applied it to the clubfoot while the orthopedist maintained the position of the

foot. Care was taken not to use more than three layers of cast tape. Wires were

routed distally and, as soon as the plaster had set, the casing was attached to the

cast laterally with a single layer of Peha-haft bandage (Hartmann, Heidenheim,
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Data logger

�ermometer

(a) Thermometer location

Skin

Coban tape

�ermometer

Padding

Peha-ha�

Plaster cast

(b) Layers

Figure 7.1 |Thermometer location. (a) Location of the thermometer on the foot, below the

cast. The plaster is represented in blue. The casing for the data logging system

was attached to the cast with a layer of Peha-haft bandage. (b) Schematics

representation of the layers between the skin and the thermometer.

Germany) (see Figure 7.1a). Parents were instructed to elevate the legs of the

child with a rolled up towel, as protocol directs.

At the next scheduled meeting the cast and thermometer were removed. While

the parents bathed their child, the sensors were left in a stable position for at

least 15 minutes for calibration after which the data was copied to a computer

and the battery replaced. The foot was carefully inspected for any signs of skin

damage and the protocol was repeated until the final cast before tenotomy.

7.2.4 Water content

The same measurement protocol was used to cast one rubber clubfoot model

(MD Orthopaedics, Inc., Wayland, IA, USA). The weight of all components was

documented and the total weight of the rubber foot plus cast was monitored for

several days. This provided an estimation of the excess water content in the

plaster cast and the time it takes to evaporate.

The latent heat of evaporation of water is described as Q = m ·∆Hev, with
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m the measured mass of the excess water and ∆Hev(25◦C) = 2442 J/g (Rajput,

2010).

7.2.5 Data collection

The system was programmed to store time and temperature data continuously

(0.16 Hz) for the first four hours, after which the system entered a low power

state (85 µA) to save battery power. Four times per hour it woke up from this

state to collect data for ten seconds. Each 10s period resulted in two temperature

measurements over which the average was taken. The system featured a button

to wake up after the cast was removed.

7.2.6 Data processing

Data was processed using Matlab version R2016b. Potential sensor errors were

filtered using the median filter medfilt1 (Pratt, 2007). The start of the measure-

ment (t0) was defined as the moment the plaster cast touched the foot. The

height of the temperature peak (Tmax) was calculated as the maximum value

over the first 3 hours, the final equilibrium temperature (Tend) as the mean value

over the final three days of measurement, and the lowest temperature (Tmin) as

the minimum value after Tmax.

The beginning of the temperature dip was defined as the moment the temper-

ature reached a value smaller than one standard deviation of Tend. The moment

the temperature reached a value within one standard deviation of Tend was de-

fined as the end of the temperature dip.

The three sets of temperature data (Tmax, Tmin and Tend) were tested for

normality using the Shapiro-Wilk test. Student T-Tests were used to test the

difference between temperatures for statistical significance.
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7.2.7 Ethics, funding, and potential conflicts of interest

The medical ethical evaluation committee of the UMCG reviewed the study

in accordance with the declaration of Helsinki, and declared that it did not

meet the criteria as stated by the Medical Research Involving Human Subjects

Act (WMO), and therefore did not require their approval (document number

M16.196266). After obtaining informed written consent from both parents, the

patients were included in the study. Financial support was provided by Sticht-

ing voor de Technische Wetenschappen [grant P12-03]. No competing interests

declared.

7.3 Results

Complications in the form of pressure marks were encountered in 4 cases. In

two of those cases further measurements were canceled but the obtained data

was included for analysis. Technical malfunctioning occurred in 5 measurements

(disconnected sensors, disconnected thermometer, faulty measurement protocol,

empty battery). 29 Successful measurements were performed on 10 clubfeet,

giving more than 3000 hours of data.

7.3.1 Clubfoot model - Water content

The measurement with a clubfoot model showed that approximately 35g of water

was used for one roll of PoP bandage of 75g. Over the course of two days the

water content in the cast decreased to reach an equilibrium of 14g. This means

that 14g of the original water content attached to the PoP to form hard gypsum

and the remaining 21g of excess water evaporated. This ratio fits well within the

molecular ratio of the chemical reaction 7.1, which also predicts the generation

of 740 kJ of heat (see Table 7.2). The required energy for evaporation of 21g of

excess water is 51 kJ.
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Table 7.2 |Molecular ratios The 21g of excess water measured (column highlighted in grey)

fits the prediction based on the molecular ratios of the exothermic setting reaction.

CaSO4(H2O) 1
2

+ 1 1
2
H2O → CaSO4(H2O)2 + H2O + heat

Molecular mass

(mol−1)

141.15g 1 1
2
·18.015g 172.17g 18.015g 1433kJ

Mass

(mol)

0.52 0.78 0.52 excess 0.52

Mass

(g)

75 14 89 21 740kJ
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Figure 7.2 |Results from the temperature measurements. The orange line indicates the

average temperature over all measurements, the blue area the standard deviation

(SD).

7.3.2 Clubfoot measurements

All temperature measurements showed a clear temperature peak after the ap-

plication of the plaster cast (Tmax). None of the below-cast temperatures ever

exceeded 40◦C and no thermal injuries were observed (Figure 7.2 and Ta-

ble 7.3).

After the peak, a decrease to a significantly lower temperature was observed

(p < 0.001) (Figure 7.3). On average, this temperature dip lasted 12 (range
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Table 7.3 |Temperature data. Time data presented as median (interquartile range, IQR).

Temperature data presented as mean ± standard deviation (95% confidence inter-

val). Temperature data was tested for normality using Shapiro-Wilk tests.

Time (hrs) Temperature (◦C) Normality

Tmax 0.15 (0.1– 0.8) 35.3 ±1.6 (34.7–35.8) (p = 0.484)

Tmin 4.9 (4.0– 7.3) 26.1 ±3.0 (25.0–27.2) (p = 0.214)

Tend 11.0 (9.6–15.8) 34.9 ±1.4 (34.4–35.5) (p = 0.087)

3.2-30) hours followed by a gradual increase to a stable final temperature (Tend).

All three sets of temperature data were normally distributed (see Table 7.3).

There was no statistical difference between the temperature peak and the equi-

librium temperature (p = 0.305).

7.4 Discussion

This is the first study to present long-term temperature measurements under-

neath the cast in the treatment of clubfeet. A surprisingly large temperature

dip was observed caused by the evaporation of excess water. In several cases

temperatures as low as 22◦C were observed and they stayed low for more than

12 hours.

7.4.1 Evaluation of the results

Our measurements showed a temperature peak after 9 minutes (Table 7.3). BSN

Medical’s own measurements with Gypsona show a peak after 12 minutes (see

Figure 7.4). Burghardt et al. (2014) found a peak temperature after 9 minutes

when using 16 layers of a different brand of plaster.

Immediately after reaching the peak, the cast started to cool. This is also
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Figure 7.3 |Difference in the measured temperature. Tmax represents the temperature

peak shortly after casting, Tmin the lowest temperature reached after the initial

peak, and Tend the equilibrium temperature.
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Figure 7.4 |Gypsona temperature profile. Measurements from BSN Medical show the

steep increase and subsequent gradual decline of the temperature after application.

Copied with permission from BSN Medical.

visible in BSN Medical’s measurement in which the temperature drops below the

ambient temperature after approximately one hour (Figure 7.4). Depending

on environmental influences it can take two to three days for the cast to dry

completely (Hayter, 2015). Indeed, in our water content measurement the cast

reached a stable weight after two days. However, on the clubfeet it took an

average of 11 hours before the temperature reached normal levels again. This

suggests that the plaster dried much quicker when placed on the child’s foot and

that some of the child’s energy was used to evaporate the water of the plaster

cast.

7.4.2 Casting-induced hypothermia

In adults, one case study exists which describes observed hypothermia after the

application of a plaster jacket for immobilization of the cervical spine (Vale, 1969).

Caregivers of children with a clubfoot have mentioned that their children can be
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a bit prickly the first 24h after a new cast is applied (Bridgens & Kiely, 2010;

van Doorn, 2016). The observed cold period might be one of the causes for this

behavior.

It would take 51 kJ to evaporate the excess water of one cast. Part of this

energy will be extracted from the environment, but a substantial part of it must

be produced by the child. However, the thermoregulatory system of newborns is

not fully developed yet, and they experience great difficulties when facing a cold

environmental challenge (Pierro, De Coppi, & Eaton, 2012). Moreover, newborns

have a relatively large surface area, so much heat is lost in relation to their heat

producing volume.

A newborn’s total energy expenditure in the first month after birth is 1.0–

1.3 MJ/day (FAO, 2001; Olgaher & Forsum, 2003). Up to 8% of this energy

— approximately 100 kJ/day — is used for thermogenesis and thermoregulation

(Pierro et al., 2012). Relatively, the required 51 kJ for the evaporation of excess

water is quite substantial and a mild form of casting-induced hypothermia in the

treatment of clubfoot seems plausible, especially with bilateral clubfeet in vul-

nerable patients, such as prematurely born children. In those cases, postponing

treatment at least until after the first month might be beneficial (Alves, Escalda,

Fernandes, Tavares, & Neves, 2009; Awang, Sulaiman, Munajat, & Fazliq, 2014;

ltar et al., 2010).

Given that newborns are naturally well monitored by their parents, that hy-

pothermia in newborns is easily detected and that no such case studies exist

for clubfoot, it is unlikely that casting induces severe or moderate hypothermia.

Still, having cold feet for half a day undoubtedly is uncomfortable and plausibly

affects the newborn’s mood.
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7.4.3 Limitations

We acknowledge limitations to our study. First, we did not measure whether

the wet and cold casts affect the child’s core temperature. If they do, a more

prominent effect would be expected in bilateral cases. However, the number

of children in our study does not allow for any meaningful test for subgroup

differences, and no trend could be identified.

Second, the sensors were placed on the skin on the plantar aspect of the foot.

So the measurements only reflect the temperature of that part of the foot and

not the core temperature of the patient. Hypothermia was neither measured nor

diagnosed based on clinical symptoms. Future research should include measuring

the core temperature during the first 24 hours after casting to study the possibility

of casting induced hypothermia.

7.4.4 Clinical implications

So far only anecdotal information exists about cold clubfeet (Bridgens & Kiely,

2010; van Doorn, 2016). In some cases, especially with bilateral clubfeet in vul-

nerable patients, it might be better to postpone treatment to prevent any harmful

effects of the wet and cold casts. This is an extra argument to defer treatment in

premature babies for several weeks, as stated by the First European consensus

meeting on Ponseti clubfoot treatment’s agreement (Böhm & Sinclair, 2013).

Preventing a clubfoot from getting cold would be possible if less excess water

needed to be evaporated. However, squeezing the water out of the plaster to use

less water results in hotter plaster and increased risk of burns: the excess water

is needed to release the heat from the exothermic reaction (Kaplan, 1981).

Using synthetic cast tape as an alternative casting material could be a viable

option to decrease the discomfort of cold feet. The chemical reaction and the

structure of the material both cause the drying process to be shorter than when
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using PoP.

In summary, after an anticipated temperature peak, a surprisingly large tem-

perature dip was observed. More research is needed to assess whether the Ponseti

method affects the child’s core temperature.
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Chapter 8

Design of a dynamic

clubfoot brace

8.1 Introduction

The Ponseti method is the golden standard for the treatment of clubfoot (Hen-

nessey, 2012). Many studies have provided convincing evidence for the efficacy

of the treatment in various settings. Comparative studies have shown the supe-

riority of the Ponseti method over surgery (Herzenberg et al., 2002) and Kite’s

method (Derzsi et al., 2015; Matos & de Oliveira, 2010) and gives comparable

results as the French method (Richards et al., 2008). Many of the details in the

Ponseti method such as casting material and starting age have been studied and

all seem to lead to the conclusion that one should not deviate from the Ponseti

method: the details matter (Nogueira, 2016; Zhao et al., 2014). Moreover, Funk

(2018) says that there is no alternative to the Ponseti method. In this setting

there is limited room for critical evaluation on the method, leading to a risk of

confirmation bias, overconfidence of the treatment and an overly conservative
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attitude towards possible improvements.

8.1.1 The problem

Parents’ perspective

We did an online survey with 49 caregivers of children treated with the Pon-

seti method and found several downsides to the practical aspects of the Ponseti

method (van Doorn, 2016). The fact that bathing of the child was not possible

was often mentioned, but also that diapers would sometimes leak onto the cast,

leaving dirty stains on the cast. Another point of concern was the cast being wet

and cold the first few hours after casting, causing discomfort to the children who,

due to their age, are unable to warm themselves. This notion was later supported

by temperature measurements under the cast (Giesberts, Hekman, Verkerke, &

Maathuis, 2018b, Chapter 7).

Only few other studies have noted downsides of the Ponseti method (Dibello,

Di Carlo, & Carbone, 2016; Malagelada, Mayet, Firth, & Ramachandran, 2016;

Nogueira et al., 2013). The procedure of serial casting impacts family function

because it requires frequent hospital visits, it makes washing the child impossible

and cuddling uncomfortable. Pletch et al. (2015) found that caregivers of chil-

dren treated with the Ponseti method are concerned about the judgment of others

when seeing the child in casts. Caregivers are afraid that others might think that

there is something wrong with the child which might have been caused by the

caregivers. In our survey several parents explained how they had received un-

friendly comments from outsiders such as “did you drop your child?”, interpreting

the plaster cast as a treatment for broken bones.

In our survey, caregivers all mentioned to gladly accept the downsides because

their child’s clubfoot was successfully treated. It is therefore not unthinkable that

most of these concerns will never reach the physicians, since the caregivers would
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be reluctant to criticize the one who treats their child.

Inefficiency

Another point of criticism on the Ponseti method is its apparent inefficiency.

Many studies have shown that the cast change rate can be increased from weekly

to at least twice weekly without any harmful effects (Giesberts, van der Steen,

et al., 2018, Chapter 2). Biomechanical analysis of the forces under the cast

suggests that the clubfoot tissues have adapted within hours after casting (Chap-

ter 6). As soon as the biological tissues have adapted, the function of the cast

seems questionable. Its function appears to be to maintain the correction, rather

than actively applying any correction itself (Carroll, 1990).

8.1.2 The strategy

Orthosis

In the treatment of other contractures serial casting has been replaced by more

user-friendly alternatives like static splints (constant position), static-progressive

splints (incremental positions, like a tie-wrap) or dynamic splints (constant force)

(Glasgow et al., 2010). The application of a constant position (stretch) induces

an initial stress which reduces over time: stress-relaxation. On the other hand,

the application of a constant force (stress) induces a stretch which increases over

time: creep. The treatment of clubfoot, or any contracture in general, aims at

stretching the affected tissue to reach a larger range of motion of a joint. Since

the goal is to stretch the affected tissues, by definition, creep is a more efficient

method than stress-relaxation (Özkaya et al., 2012).

Chanu, Bimol, Rai, Wangjam, and Singh (2016) used serial static splints

rather than plaster casts to successfully treat 21 clubfeet (Figure 8.1a). Parents

were instructed how to manipulate the foot three times a day and apply the

121



8

Introduction Brace design

(a) Serial static splints (b) Dynamic brace

Figure 8.1 |Work by others. a Chanu et al. (2016) used serial static splints and instructed

caregivers how to do manipulation of the clubfoot. b Cunningham (2017) made a

dynamic clubfoot brace.

orthosis correctly. After several weeks all feet were corrected which was confirmed

with X-ray images. The static splint is soft to the touch and allows caregivers

to bathe their child. Although this approach is revolutionary and gives clear

benefits to the caregivers, the paper describing the method has not been cited by

anyone before.

Cunningham (2017) developed a dynamic brace with a polypropylene strip

spiraling around the lower leg (Figure 8.1b). The shape of this strip creates a

complex combination of moments on the clubfoot and is intended to apply the

required corrections in the order as described by the Ponseti method. Prototypes

have been made but pilot tests have been limited and unreported.

8.1.3 Goal

The goal of this project has been to investigate if it would be possible to apply

the strategy of using an orthosis to the treatment of clubfoot, and as such develop

concepts for this strategy, while still following the proven Ponseti method. More

specific, the goal for this chapter has been to present concepts for a dynamic

clubfoot brace and to discuss their feasibility.
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8.2 Requirements

We have established a set of requirements for the proposed dynamic clubfoot

brace, presented in Table 8.1.

8.2.1 Functions

Functions of dynamic clubfoot brace are as follows:

Move the clubfoot in the desired end position

1. Generate a force to correct the cavus deformity of the foot

2. Generate a constant force to correct the adductus and varus deformity of

the foot

3. Hold the child’s foot and leg

(a) Hold the knee in flexion

(b) Stabilize the talus in relation to the leg

4. Fit to all children between 0 and 12 months

5. Enable donning and doffing of the brace

6. Generate information about the position of the foot

(a) Generate information about its current position

(b) Generate information about when the desired correction is reached

8.3 Concepts

In the course of this project many students have worked on the design of a

dynamic clubfoot brace which resulted in a variety of concepts with all kinds of
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Table 8.1 |Brace requirements.

# Requirement Specification

1 The brace treats clubfoot Resulting in “a functional pain-free,

normal-looking, plantigrade foot, with

good mobility, without calluses, and re-

quiring no modified shoes” (Ponseti,

2008)

... just as effective as with casting minimal 95% success rate

... faster than with casting maximal 2 weeks

... requiring fewer hospital visits than the

casting phase in the Ponseti method

maximal 4 visits

... with similar costs as the casting phase

in the Ponseti method

maximal 500 euro

... involve caregivers Caregivers should be stimulated to leave

the brace on (van Belle, 2017)

2 The brace follows the Ponseti

method

Following the correct order (Ponseti,

2008)

... correct cavus Forefoot pronation

... correct adductus Foot abduction to 60◦

... correct varus Foot eversion

... correct equinus Foot dorsiflexion to 20◦. (Achieved with

an Achilles tenotomy)

3 The brace uses the correct pressure

points

Pressure on First Metatarsal (FM) and

Talar Neck (TN) (Ponseti, 2008)

Location FM One pressure point at the medial side of

the first metatarsal bone

Location TN One pressure point at the lateral side of

the talar neck acting as fulcrum

upper leg One pressure point at the medial side of

the lower and upper leg for counter pres-

sure

The heel must be free No pressure on calcaneus (“Kite’s error”)

functional mechanisms ranging from a more conventional spring-damper system

to magnetic ferrofluids. In this process Baat Medical and Orthin helped to guide
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Table 8.2 |Brace requirements (continued)

4 The brace keeps the clubfoot in its

end range

TERT theory (Flowers & LaStayo, 1994)

Constant moment M = (0.62±0.12) Nm (Cohen et al., 2012)

Sufficient force, higher than equilibrium F > 1 N (P. W. Brand & Hollister, 1999;

Giesberts, Hekman, et al., 2018a)

5 The brace is safe

Prevent skin damage Force must be distributed over a large

area to prevent pressure sores (P <

0.50N/mm2 (P. W. Brand & Hollister,

1999))

... no cutting No sharp edges

... no choking No loose parts that can be swallowed

... no constrictions ISO standards

6 The brace can be completely re-

moved for short periods of time

Allowing bathing, diaper changes, etc.

(Nogueira et al., 2013)

Donning and doffing is fast Brace can be taken off and be put back on

within 60sec

Donning and doffing is easy Intuitive design

Not necessary to remove the brace for di-

aper changes

7 Using the brace is a happy experi-

ence

Soft feel

Friendly appearance No metal parts visible

Friendly colors

8 The brace can be used by most club-

foot patients

Idiopathic clubfoot, younger than 6

months old

The brace can be adjusted for size 7 – 14 cm

The brace can be adjusted for severity Pirani: 1.0 – 6.0

The brace can be adjusted for stiffness Diméglio: 5 – 20

the design process and help with the construction of prototypes. Below the three

most realistic concepts are presented.
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8.3.1 Concept: Soft robotics

While in traditional robotics movement is initiated through to mechanical inter-

action of components, in soft robotics movement is initiated through thermal,

electrical, physical or chemical properties of materials and interaction between

materials. This principle was used in a dynamic clubfoot brace in the shape of

a actuated rubber finger, that bends and presses on the foot when filled with a

fluid. The fluid is under constant pressure in a container attached to the flexible

finger. Because of the constant pressure, as the position of the clubfoot changes,

the finger bends further, co-adapting to the position of the clubfoot.

Figure 8.2 | Soft robotics. Prototyping by Esther Keulers and Baat Medical.

PROS CONS

Soft touch Slow development

Safe Limited range of motion
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8.3.2 Concept: One part

Set with the challenge to create a dynamic clubfoot brace that could be made

with additive manufacturing (3D printing), a one-part, monomaterial concept was

created. Flexure hinges and negative stiffness were used to construct a mechanism

that would apply a torque on the forefoot with the head of the talus as fulcrum.

Figure 8.3 |Concept one-part. Prototyping by Annelies de Jong

PROS CONS

3D printing Fixed axis of rotation

Simple design No soft touch

Adjustable
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8.3.3 Concept: Spiral

Inspired by the design of Cunningham (Cunningham, 2017) a spiral-shaped brace

was made that applies a complex moment on the foot without any fixed axes.

The brace has a shell that is attached to the upper leg and the foot with strips

of Velcro.

PROS CONS

Elegant design Unsure if the corrections are applied in

the proper order

Attractive appearance

Free axis of rotation
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8.4 Reflection

All concepts have elements that show the potential for a brace as a new treatment

method for clubfoot. Several approaches are presented to apply a constant force

on the clubfoot to treat the deformity. The selection for a best concept is outside

the scope of this thesis.

A common feature in all ideas and concepts is that the brace must have a soft

look and feel, which is reflected in the choice of materials for all concepts. Many

parents have mentioned that they had missed cuddling with their child during

the casting phase due to the rough feeling of the plaster casts, a soft brace allows

for better cuddling.

8.4.1 Brace compliance

In the Ponseti method after the casting phase an abduction brace is worn for

several years to prevent relapse. Brace non-compliance is known to be the biggest

predictor for relapse of the clubfoot deformity (Dobbs et al., 2004). That is, if

parents fail to put the brace on long enough the foot tends to get back into

the typical clubfoot shape. In this phase of the treatment the parents are made

responsible for the success of the treatment.

As part of her master track in Human-Technology Relations, Jonne van Belle

studied the new relation in the treatment of clubfoot with a clubfoot brace rather

than with plaster casts (van Belle, 2017). In the current treatment with plaster

casts the parents have a relative passive relation to the treatment: together with

their child they are subjected to the treatment and have little influence on the

success of the treatment. Even if it seems like the child does not like the cast,

parents simply cannot remove the plaster cast without braking it and thereby

stopping the treatment. This relation changes when a dynamic clubfoot brace is

used that can be taken off. Now the parents get a more active relation to the
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treatment: they are responsible for putting the brace on correctly and for the

right duration.

It might be hard for parents to resist the urge to take the brace of if their child

seems to be uncomfortable with it. To help the parents in this responsibility to

successfully treat the clubfoot of their child one can think of strict surveillance

or alarms, but Jonne proposed three more elegant concepts to focus on the ac-

tive participation of the parents (Figure 8.4). The concept of an item with

matching appearance that caregivers should wear as a constant reminded of their

responsibility seems most elegant and can already be tested in an existing brace

were compliance is an issue.

8.4.2 Roadmap

We expect that for many practitioners the change from plaster to a dynamic

clubfoot brace might be too large, i.e. the direct introduction of a dynamic brace

would be unfeasible. Smaller steps are required and therefore a roadmap has

been proposed for the gradual acceptance of an alternative treatment of clubfoot.

Not all steps might be absolutely necessary and could be done in parallel, but

the general order of steps should be followed to ensure good acceptance of the

product as a new treatment method.

� Weekly cast changes (current)

� Twice weekly cast changes (current)

� Daily cast changes

� Serial static splinting (such as Chanu et al. (2016))

� Static progressive splinting

� Custom-made dynamic clubfoot brace

� Adjustable dynamic clubfoot brace

130



8

Brace design Reflection

(a) Parent participation

(b) Baby toy (c) Keep it close

Figure 8.4 |Concepts. Ideas to stimulate parents to take responsibility in the treatment of

their child by making sure that the brace is always on when possible. Concepts

made by Jonne van Belle.
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8.5 Conclusions and future work

Technically a dynamic brace for the treatment of clubfoot is feasible. Since it is

challenging to find the exact requirements for the magnitude and direction of the

forces and torques, a clinical trial with a prototype in which the applied forces are

monitored might be the most efficient and effective approach. In addition to this

clinical trial, more time is needed for the public view on the Ponseti method to

become more critical and to acknowledge the downsides of the method, creating

room for the acceptance of a new dynamic clubfoot brace.
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9.1 Introduction

Although the Ponseti method is highly effective in the treatment of clubfoot,

there are many clues indicating that the Ponseti method is in need of a correction.

The plaster casts of the Ponseti method prevents bathing, gets in the way with

diaper changes and interferes with cuddling. Additionally the casts appear to

cool the child’s feet, to provoke judgment from others and its position-controlled

approach is likely to be inefficient. In our experience these issues are unknown to

most treating physicians and easily dismissed. Several studies have indicated the

need for medical professionals to acknowledge that the Ponseti method causes

increased stress for the families (Malagelada et al., 2016; Nogueira et al., 2013).

For some caregivers these issues are real and require a solution.

In the correction process of deformations and contractures often a position-

controlled approach is used (e.g. static bracing for scoliosis, plaster cast for

clubfoot) while our philosophy is that the use of a force-controlled approach is

more efficient and experienced as more comfortable (e.g. the TriaC brace for
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scoliosis, dynamic braces for stiff fingers (Glasgow, Tooth, & Fleming, 2008)).

The hypothesis that the correction of a clubfoot can be done with the application

of a small but constant force has been studied in this thesis and conceptualized

in a dynamic clubfoot brace.

9.2 Interpretation of findings

Only few studies have looked at the parents’ perspective in the treatment of

clubfoot (Dibello et al., 2016; Malagelada et al., 2016; Nogueira et al., 2013;

Pletch et al., 2015). It was found that the casting phase is the most difficult for

families (Malagelada et al., 2016; Nogueira et al., 2013). Our own questionnaire

(Chapter 8) had similar findings to that of Pletch et al. (2015), showing the

impact of the plaster casts on hygiene, cuddling and judgment. Complaints from

parents about wet and cold casts were supported with temperature measurements

under the cast (Chapter 7). It is clear that the lack of comfort of the Ponseti

method can be a problem for many parents and caregivers.

When looking at the description of the Ponseti method, one of the first ques-

tions any engineer would ask is “how hard do you press on the foot?”. A treating

physician would only be able to give subjective answers like “as hard as neces-

sary” without giving any numbers. It might therefore be no surprise that we

found large variations in applied forces on a clubfoot model (Chapter 3). With

the numbers available we still do not have any clearer answer to this question

than probably less than 1N, but we do have a new insight in the functioning

of the Ponseti method: considering that all participants in this study had years

of experience and are very well able to treat a clubfoot, and that the measured

forces varied largely, we can assume that the exact magnitude of the applied force

might not be relevant.

Our study with force sensors under the plaster cast in the treatment of club-

foot (Chapter 6) showed that the applied force decreased rapidly and reached a
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plateau within several hours. Could it be that the exact magnitude of the applied

force seems irrelevant because it decreases so rapidly?

It is clear that it is unnecessary to wait a full week to change the plaster cast on

a clubfoot. Our review has provided strong evidence that an accelerated protocol

can be safe and effective (Chapter 2). Our force measurements described in

Chapter 6 give a reason for this finding and suggest that even shorter cast

change intervals should be possible: the applied forces reach a stable low value

within several hours. A randomized controlled trial with weekly, twice weekly,

2-days and daily intervals is needed to find an optimal cast change interval. We

hypothesize that from a mechanobiological perspective the optimum is less than

24h, but feel that for serial casting a daily interval would be a more practical

limit.

9.3 Clubfoot mechanics

To our knowledge the mechanobiological principles behind the Ponseti method

are hardly studied, but a general description can be found in Lovell and Winter’s

Pediatric Orthopaedics: “The efficacy of manipulation and casting is attributable

to the viscoelastic, or rate-dependent, behavior of the ligaments and tendons. The

creep phenomenon occurs during manipulation. A constant stress (force

per unit area), or load, is applied. The tissues undergo deformation (strain) rel-

atively quickly at first, then more slowly, until there is little additional elongation

possible at that time. The cast is applied with the same load used during manip-

ulation. Stress relaxation takes place in the cast. The tissues undergo a

small additional amount of elongation in the cast. As soon as that occurs, the

stress on the tissues effectively decreases, and will not increase again until the

next manipulation.”(Mosca, 2001).

From a mechanical perspective, the Ponseti method consists of three parts.
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9.3.1 Manipulation

Cyclic loading of the foot is performed to precondition the tissues for correction

(Cohen, 2015). It consists of the application of a series of constant forces which

induces a creep response. The Ponseti method prescribes a manipulation time

of 1 minute (Staheli, 2009) while R. J. Xu (2011) experimented with a longer

manipulation time of 2 minutes and in his book, Ponseti (2008) recommends 2–3

minutes. For older patients Loureno and Morcuende (2007) used 5–10 minutes

to allow “greater stretching of the soft tissues which are less elastic”. Cohen

(2015) found that in her specimens of medial clubfoot tissue preconditioning

convergence already began after 8 cycles. In the treatment of other contractures a

manipulation time of 10–15 minutes is often prescribed (Bell-Krotoski & Figarola,

1995; Flowers & LaStayo, 1994; McClure et al., 1994).

It is interesting to see that for other contractures the manipulation time is

up to ten times longer than for clubfeet. Could this mean that the creep strain

rate (i.e. how fast deformation results from the applied stress) for clubfoot tissue

is much higher than tissue in contractures in adults? Or does this mean that

clubfoot treatment could benefit from a longer preconditioning time?

9.3.2 Plaster casting

The foot is held at a constant position for a week, translating to a constant

elongation (stress relaxation) of the soft tissue of the clubfoot (Cohen, 2015).

Cohen (2015) found that the medial fibrotic tissue of the clubfoot had relaxed by

approximately 30% after 100 seconds of constant strain.

Although the process of tissue adaptation is well described with microscale

models, its effect on macroscale has seldomly been measured. Strik (2000) mea-

sured the force of a plaster cast on the skin in contractures on several joints in

spastic patients and observed clear stress-relaxation behavior, reaching 50% re-
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laxation in 4 hours. Our own measurements in clubfeet (Chapter 6) show the

same pattern of stress-relaxation with 95% relaxation in several hours. Several

models are used to describe the stress-relaxation function G(t) tissue, often con-

sisting of two or three exponential elements, one describing the “fast” response

and one describing the “slow” response (Anssari-Benam, Bucchi, & Bader, 2015;

Screen, Toorani, & Shelton, 2013; B. Xu, Li, & Zhang, 2013). Because a variation

of models is used, a comparison of stress-relaxation rate is not intuitive.

We conclude that the microscale (tissues) behavior of stress-relaxation is visi-

ble on macroscale (joints) as a similar effect. In vivo measurements studying the

adaptation of the involved tissues are necessary to bridge the gap between both

scales. Cohen (2015) suggests the use of fluoroscopy, ultrasound and elastography

to get a better understanding of the exact mechanics of the Ponseti method and

the treatment of contractures in general.

9.3.3 Bracing

The function of the bracing period is to maintain the correction that is achieved in

the manipulation and casting phase. Not adequately wearing the brace severely

increases the risk of a relapse (Dobbs et al., 2004). This indicates that although

the position of the foot is corrected, its internal tissues might still have the

tendency to create a new deformity. The bracing phase has not been studied in

this PhD project.

9.4 Limitations

9.4.1 User input

Clubfoot patients are too young to clearly express their feelings. It is therefore

not possible to ask patients about their opinion on the current treatment method
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or possible improvements. Caregivers act as a proxy and indicate that their

children can be a bit agitated after a new cast is applied, but the exact cause

for this agitated feeling is a guess. Still, the treatment method also affects the

caregivers and they are seen as the primary ’users’ in this scenario. Asking their

opinion is therefore justified.

As a pilot study, an online questionnaire was used to get the opinion of care-

givers on several topics of the treatment of their child, discussed in Chapter 8.

However, no scientifically sound survey was performed to get a better under-

standing of the user opinion. Such a survey was fully prepared and planned but

interfered with the agenda of the WKO (Werkgroep Kinder Orthopedie) and was

halted by the WKO.

The plaster phase is a relative short one during a stressful and exhausting

period for the new parents. Combined with the few clubfeet our local hospital

treats, it has been challenging to find available people that could act as potential

users. As such, attempts to gather more user input — such as home visits to

observe the existing problems with the plaster casts in real life — failed. In the

design of any product it is paramount to understand what the user wants (Eger,

Bonnema, Lutters, & van der Voort, 2012) and this we still do not. It is clear

that there are problems but not how they should be solved.

The following example illustrates our experience with improper understanding

of the users’ needs. Soiling of the plaster cast is mentioned as one of the difficulties

of the Ponseti method (Patel, Jeer, & Cornell, 2007). In an attempt to improve

comfort, a design was made with part plaster cast, part brace (Figure 9.1). The

lower leg would be wrapped in plaster cast as normal procedure and the upper

leg would be held with a plastic shell that could be temporarily removed to allow

easy diaper changes and prevent soiling of the cast. When the responders of the

online questionnaire were asked for their opinion on this concept, there were no

signs that anyone would prefer this solution over the standard Ponseti casts. We

do not question our assumption that soiling of the cast is a problem, but without

138



9

General discussion Limitations

(a) Attached (b) Removed

Figure 9.1 |Hybrid concept. The lower part of the clubfoot is wrapped in plaster cast, as

usual, with a plastic insert included in the cast. Attached to this insert is a shell

that can be temporarily removed to make diaper changes easier.

the input of users any solution is just a shot in the dark. Apparently our proposed

design was not the solution users were waiting for.

One approach to this situation with missing user input is to invite parents

during the treatment of their child to join a focus group. In sessions with parents

different problems can be discussed and together a solution could be developed.

Future work should focus on co-design to create realistic solutions (Sanders &

Stappers, 2008).

9.4.2 Clinical trial

As with the development of any biomedical product, in this project the develop-

ment of a dynamic clubfoot brace has been slow. Several concepts were made and

functional prototypes were made that would be suitable for a future clinical trial.

This clinical trial is important to get valuable feedback from both caregivers and

treating physicians.

We feel that in this project the prototype-users relation has been a circular

problem: without a good prototype we could not do a trial, without feedback

from a trial we could not improve the prototype. To break from this circle
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attempts were made to construct a functional model of a clubfoot. Such a model

would allow us to see how the brace manipulates the foot and make a decision

if it would be acceptable to give it to children. Many researchers have tried to

come up with a good model for a clubfoot, but so far no functional model exists

(DiMeo, Lalush, Grant, & Morcuende, 2012; Jain, Dhande, & Vyas, 2009; Khas,

Pandey, & Ray, 2013; Mahmoodian, 2010; Windisch et al., 2007). Despite our

efforts, we too have not been able to create model to predict the response of a

clubfoot when subjected to external forces.

It requires much courage to start testing a prototype on babies without being

able to validate the prototype on a functional model first. With the Ponseti

method being well established as the treatment method of choice it is challenging

to deviate from this with a new method. For many treating physicians and most

caregivers the Ponseti method is new and a welcome substitute for the surgical

methods. There is no demand-pull for a better method, rendering our current

attempts with the dynamic clubfoot brace a technology-push, a strategy that

can be much slower (Nemet, 2009). We feel that what is needed most in the

process of the development of a dynamic clubfoot orthosis, is time. Over time

attractive attributes (in this case the Ponseti method being non-invasive) become

one-dimensional attributes and then further on become basic needs (Shen, Tan,

& Xie, 2000). In time the newness of the Ponseti method will fade and physicians

and caregivers will be more critical to the downsides of it, creating room for the

acceptance of a new treatment method such as a dynamic clubfoot brace.

9.5 Conclusion

The Ponseti method is the golden standard in the treatment of clubfoot. However,

for the caregivers of children with a clubfoot the method has several important

downsides. The plaster casts make it impossible to bath the child, interfere with

cuddling and provoke judgment from outsiders. Temperature measurements show
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that the drying of the casts has a cooling effect on the child’s legs.

There is no need to wait one full week to change the cast. There is strong

evidence that the cast change interval can safely be shortened and force measure-

ments suggest that even daily cast changes would be effective.

The concept of a dynamic clubfoot brace could provide a solution for the

problems caregivers face with the plaster casts, as well as for the inefficiency of

the position-controlled approach of the static plaster casts. This brace could be

temporarily removed to allow bathing, would be soft to the touch and have a ap-

pealing appearance, while applying a constant low force on the foot to efficiently

correct the clubfoot deformity.
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Ponseti's clubfoot treatment
a method in need of correction?

A clubfoot is a common congenital deformity of the foot. Worldwide 
the Ponseti method is the accepted treatment method for clubfoot. 
In this method, the treating physician manipulates the foot into a 

position of the foot is corrected. An abduction brace is worn for 
several years to prevent relapse.

a literature study and a study with force sensors on the foot suggest 
that the weekly cast change interval is unnecessary long. A surprising 
observation was a temperature drop due to water evaporating from 
the cast, creating an uncomfortably long cold period for the children.

Concepts for a dynamic clubfoot brace were developed as an alternative 
treatment method. Such a brace would apply a constant force on the 
foot rather than a constant position, making the correction process 

to temporarily remove the brace to allow bathing of their child and 

again.

Bob Giesberts
PhD Candidate

University of Twente
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