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##4675002330 : MAJOR HEALTH DEVELOPMENT
KEY WORD : RESIDUAL LIMB VOLUME/ BELOW KNEE AMPUTEES/ GIRTH MEASUREMENT
JARIYA BOONHONG: VALIDITY AND RELIABILITY OF GIRTH MEASUREMENT
(CIRCUMFERENCE MEASUREMENT) FOR CALCULATING RESIDUAL LIMB VOLUME IN
BELOW KNEE AMPUTEES
THESIS ADVISOR: ASSOC.PROF. MANATHIP OSIRI, M.D.,
THESIS COADVISOR: ASSOC.PROF. THEWARUG WERAWATGANON, M.D., M.Sc.
Objective : To assess the validity and reliability of girth measurement for calculating the residual
limb volume.
Design : Comparison of girth measurement with gold standard in calculating residual limb’s
volume.
Setting : King Chulalongkorn Memorial Hospital and Sirindhorn National Medical
Rehabilitation Center.
Subjects : 51 below-knee amputees

Methods : Residual limb volumes of each subject were measured by water displacement method
with volumeter and girth measurement method by measured segmental circumferences with a
tape measure twice for each method. Each segment volume was calculated by frustum and
cylinder formulas of girth measurement method and summed them up to be the calculated
residual limb volume. The stump volumes were measured again 4 weeks later in subjects who
had their limbs amputated less than 6.5 months. Mean difference and

95% confidence interval (CI) between volume of water displacement and girth measurement, 1"
and 2" calculated volume of girth measurement, and changing volume of water displacement and
girth measurement were calculated by simple calculation.

Results : The difference of mean volume (95% CI) of water displacement and girth
measurement, frustum and cylinder formulas were -14.03 cm’ (-27.23,-0.84) and -13.52 cm’
(-26.70, -0.35), respectively.The mean difference of calculated volume (95% CI) of the 1" and 2™
measurement of frustum and cylinder formulas were -4.23 cm’ (-8.09,-0.37) and -4.2 cm’
(-8.11,-0.40). The mean difference of changing volume (95% CI) of water displacement and
frustum formula, and water displacement and cylinder formula were 3.81 cm’ (-8.02,15.64) and
3.88 cm’ (+7.99,15.74).

Conclusion : The girth measurement, both frustum and cylinder methods were valid and reliable

for calculating the residual limb volume in below knee amputees. But both of them might not

valid enough to calculate the small changing volume.
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CHAPTER 1

RATIONALE AND BACKGROUND

After limb amputation, all of the residual limbs will be swelling. In this immature period,
the stump is not proper to fit with permanent prosthesis. Thus, during the first two months of the
posthealing period, while the residual limb is still swelling, one of the aims of treatment is to
control the edema and reduce the residual limb volume. When the residual limb’s volume
changes decrease to a relatively stable point, a first permanent prosthesis should be considered.
So the residual limb’s volume is mostly concerned during the preprosthetic training program.

There are many techniques that may be used to assess the volume of the limbs. Among
these, two methods are most commonly used. They are the followings:

1) Water displacement volumetric measurement. This method is used for measuring limb
volume and based on the Archimedes’ Principle. According to this principle, the water volume
displaced is equal to the volume of the object immersed in the water. This method is considered
the "gold standard" for measuring the limb volume.(1,2) Despite the documented reliability of
volumetric measurements, there are disadvantages in the use of water displacement
measurements in the practice setting. These disadvantages are related to the set-up and use of the
volumeter(3), transport, design and certain patient conditions.(3,4) Volumeters that are big
enough for limbs have the capacity to hold several liters of water, take several minutes to fill and
empty and are difficult to move once filled with water. Due to the size of the volumeter, the
collection container and the graduated cylinder, it is difficult to transport the equipment to other
places. Additionally, the use of water displacement volumetric measures is unsuitable for patients
with skin ulcer(4) and patients in the immediate postoperative period.(1)

2) Girth measurements (circumference measurements). This method is simple, efficient
and clinically useful.(4). The measurement is done at fixed points on the limb (every 4cm.) and
calculated the limb volume from the girth measurements using of mathematical formula. There
are two basic formulas for calculating the limb volume. The first is cylinder formula(5,6) and the
other, truncated cone (frustum) formula.(7,8) The limb is divided into segments, with each segment
represents a cylinder or cone. The total volume is determined by adding the volume of all

segments together.



From literature review, there has been no study directly comparing the girth
measurement volume and the water displacement volume of residual limbs.(1,4,6-8,10-11,13,15)
Available studies were for the whole leg or thigh and leg or leg and foot. Since the water
displacement method for measuring the residual limb volume is not convenient for clinical use,
the use of girth measurement may be used instead. However, there is a need to assess the
validity of girth measurement for calculating the residual limb volume. From the existing data,
most of the studies used correlation coefficients to determine validity of girth measurement.
According to Altman and Bland(9), the use of correlation is misleading. A high correlation does
not mean that the two methods agree with each other. The correlation coefficient measures the
strength of a relation between two variables, not the agreement between them. In this present
study, we sought to determine the validity of girth measurement for calculating residual limb
volume in below knee amputees by exploring the agreement between the girth measurement
(circumference measurement) and the water displacement method using simple calculations

suggested by Altman and Bland.



CHAPTER 11

LITERATURE REVIEW

Katch and Katch(7) compared the frustum formula of girth measurement and water
displacement technique in calculating volume of the normal leg in 70 subjects. The correlation
between the two methods was high (r = 0.95) with the standard error of estimates equal to 0.48
liter. And the intertrial reliability for each girth measurement was above r = 0.95 with a standard
error for a single measure not exceeded 0.75 cm(3).

Lenniham and Mackereth(8) published a case-series report on the value of calculation the
leg volume from frustum formula in three cases with the iliac vein occlusion and hypovolemic
shock. They could estimate the deficit volume by calculation a leg volume difference and replace
the appropriate fluid volume to all of the patients until recovery from the shock.

Bunce et al(5) use the cylinder formula of girth measurement for calculating the upper limb
volume in patients with post-mastectomy lymphedema to compare the treatment efficacy
(massage, pneumatic compression, bandaging and education). The results of the study were
multimodal therapy could reduce lymphoedematous limb volume by at least half in 18 of 25
patients.

Perrin and Guex(10) compared the frustum formula and optoelectronic systems
(Perometer) with water displacement method for calculating the lower limb volume in both
normal limb and diseased limbs. The study showed that the limb volumes measured by the
Perometer are virtually identical to those obtained by water displacement method. In contrast,
the frustum formula methods tend to overestimate the limb volume in normal subjects. In
diseased limbs, there are no ‘significant differences between the Perometer and frustum method.

Sitzia(11) compared the cylinder with frustum formulas and stated that the frustum
formula was intrinsically most accurate. This is easy to visualize because most extremities are
shaped like a cone rather than a cylinder. The results of this study indicated that the cylinder
formula consistently underestimated the percentage of excess volume by an average of 1.5 %
compared with the frustum formula.

Whitney et al(12) examined the reliability of lower-extremity girth measurements within
and between raters. Intraclass correlation coefficients (ICCs) ranged from 0.91 to 1.00. The
ICCs of the first measurements of each day ranged from 0.81 to 0.98, suggesting this method is

highly reliable. Thus, in clinical practice, single measurement is adequate and reliable.



Pani et al(4) compared the water displacement volume of a leg with the calculated volume
in 100 patients with unilateral lower limb lymphedema from filariasis. The measurement
included the volume of the leg at 30 cm above the ground and the whole foot. The results of this
study showed that the 2 methods of measurement was correlated, with r = 0.61 for nonedematous
limbs and r = 0.80 for edematous limbs.

Stranden(13) compared the calculated volume of the leg using truncated cone formula with
the water displacement volume in patients with leg edema following femoropopliteal bypass
grafting. His calculated volume of the leg did not include the foot. The results showed a
correlation coefficient of 0.98. There was slight overestimation of edema using the calculated
volume method, with an increase in leg volume of greater than 11 %. Standen stated, however,
that the calculated volume method was satisfactory for clinical use.

Kaulesar Sukul et al(1) compared the water displacement volume with the calculated
volume from the cylinder method and the truncated cone method for the measurement of leg
without foot volume. The measurement point started at 3 cm below the medial gap of the knee
joint and ended at just above the medial malleolus. Their “leg volume” from water displacement
was the volume of the leg minus the volume of the ankle and foot. The results showed that
Pearson correlation coefficient was 0.99 for the cylinder method. Results from the truncated cone
method indicated a Pearson correlation coefficient for the truncated cone method of 0.93.
Kaulesar Sukul et al reported that only the cylinder method could be used interchangeably with
the water displacement model.

Mueller(14) used the frustum formula from Katch and Katch(7) to calculate the residual
limb volume for comparing the decreased volume from removable rigid dressing with elastic
bandages in preprosthetic-management of patients with below-knee amputations. However the
results from this study were questionable because the validity and reliability of the primary

outcome measurement have never-been assessed in the residual limb of below knee amputees.



CHAPTER III

RESEARCH DESIGN AND METHODOLOGY

3.1 Research Questions
3.1.1 Primary research question
- Are girth measurements (both frustum and cylinder formula) valid for calculating the
residual limb volume in below knee amputees?
3.1.2 Secondary research questions
1) Are girth measurements (both frustum and cylinder formula) reliable for
measuring the residual limb volume of below knee amputees?
2) Are girth measurements (both frustum and cylinder formula) valid for

measuring the changing volume of residual limb in below knee amputees?

3.2 Research Objectives

3.2.1 Primary Objective

- To assess the validity of girth measurement for calculating the residual limb volume in
below knee amputees by determining the mean difference of volume and 95% CI (cm3) that girth
measurement (both frustum and cylinder formula) are likely to differ from the water
displacement method.

3.2.2 Secondary Objectives

1) To assess the reliability of girth measurement by determining the mean
difference of volume and 95% CI (cm3) of the first and second measurement by girth
measurement method.

2) To assess the validity of girth measurement for measuring the changing volume
by determining the mean difference of volume and 95% CI (cm3) that girth measurement (both
frustum and cylinder formula) are likely to differ from the water displacement method in
measuring the changing volume.

3) To compare the validity between frustum and cylinder formula by comparing
the mean difference of volume and 95% CI (cm3) that are likely to differ from the water

displacement method.



3.3 Research hypothesis

1) The girth measurements (both frustum and cylinder formula) are valid for
calculating the volume of residual limb in below knee amputees (if 95% CI of mean difference of
volume is in the range of £10% of mean residual limb volume that measured by water
displacement method).

2) The girth measurements (both frustum and cylinder formula) are reliable for
calculating the volume of residual limb in below knee amputee (if 95% CI of mean different
volume of the first and second measurement is in the range of & 5% of the mean residual limb
volume that calculated by the first measuring of the girth method).

3) The girth measurement (both frustum and cylinder formula) are valid for
calculating the changing volume of residual limb in below knee amputees (if 95% CI of mean
difference of changing volume is in the range of £10% of mean changing volume that measured

by water displacement method).

3.4 Conceptual Framework

Amputated patients

|

Preprosthetic training

Water displacement

method

Girth measurement
Stump shape
Follow up & Evaluate 1. Frustum formula
2. Cylinder formula
l ROM & Strength

Fitting with permanent prosthesis




3.5 Study Diagram

Below knee amputated subjects

l

Measure residual limb volume by
1. Water displacement method
2. Girth measurement method

1) Frustum formula

2) Cylinder formula

—)

Assess the validity and reliability of

girth measurement

l Subjects who have been amputated < 6.5 months

Follow up 1 month
Measure residual limb volume again by
1. Water displacement method
2. Girth measurement method

1) Frustum formula

2) Cylinder formula

l

Calculate the changing volume

by each method

mmy

Assess the validity of girth measurement

in calculating the changing volume



3.6 Key words
Residual limb volume
Below knee amputee

Girth measurement.

3.7 Operational Definition
3.7.1 Water displacement method:

This method for measuring the limb volume is considered the gold standard.(7,8) Using
Archimedes’ principle, the water volume displaced is equal to the volume of the object immersed
into the water. This technique measures the limb volume by immerse the limb into the volumeter
that filled with the water and measure the displacing water volume.

3.7.2 Girth measurement:

Girth measurement or circumference measurement is one of the primary methods for
calculating the limb volumes by measuring the limb’s circumference and using the mathematic
formula to calculate the volume. There are two formulas that are accepted for calculating the

limb volume, the frustum or cone formula(2,10) and the cylinder formula.(15,16)

3.8 Research design
Comparison of the girth measurement with gold standard in calculating the residual limb

volume.

3.9 Target population

Below knee amputated patients.

3.10 Sample population
All of the below knee amputated patients who are consulted for rehabilitation and
prescription of the prostheses at King Chulalongkorn Memorial Hospital and Sirindhorn National

Medical Rehabilitation Center.
3.11 Inclusion criteria
1) Conscious and cooperation.

2) Good healing wound and no ulceration on the residual limb.
3) Fair to good sitting balance.

4) Agree to participate in the study and sign a consent form.



3.12 Exclusion criteria
1) Complicated stump (non-healing, infected or ulcerative stumps)

2) Refuse to participate in the study.

3.13 Sample size estimation
To estimate the mean differences of volume that are measured by the two methods, the

sample size is calculated by the following formula.
n= Z, SD/d

Set the confidence of data conclusion at 95%

2412 =1.96 (two tail)

0.052

SD = Standard deviation of data= 312

d = Acceptable error = 99

n = (1.96) (312)"/ (99)°
=—38
There is no study comparing the water displacement volume and the girth measurement
volume in residual limb. The value of standard deviation was from the article that studied volume
changes in postoperative below knee residual limbs by water displacement method.(17) The
mean volume and standard deviation of residual limbs measured by water displacement method
was 997 312 m1.(17) We used the value of standard deviation from this study with the idea that
the standard deviation of mean volume measured by water displacement method should be wider
than that of the mean difference of volume (difference measured by the two methods). The

accepted error (d) is 10% of mean residual limb volume (997 ml).

3.14 Procedure

After preparing all the equipments and materials (volumeter, collecting container with
scale, measuring tape, and permanent marker), circumferential measurements and volumetric
measurements are performed on the subjects who are recruited in the study. The subjects are
marked the upper level of measurement at the level of tibial tubercle on the residual limbs. The

circumference measurements are performed, the most proximal measurement point is marked and



the following points are 4-cm increments down to the distal end of the residual limb as shown in
Figure 2. For assessing the reliability, the measurement will be repeated again at 5 min. after the
first measuring. After that, the subjects are instructed the appropriate placement of their residual
limbs in the volumeter. The volumeter is placed on the floor with the collecting container. The
volumeter is filled with water until the water overflow out of the spout. When the water stop
dripping from the spout, the “topping off” procedure is completed. The initial “topping off” fluid
was discarded from the collecting container. The empty container was then put back under the
spout of the volumeter to collect the water from the volumetric measurement. The patients are
seated and slowly lowered their residual limbs into the volumeter until the level of the water
meets the marked level on the residual limbs. The participants are instructed to keep their
residual limbs vertical and stationary. Contact between the residual limbs and the side of the
volumeter is avoided. When the water stops dripping from the spout, the participants then
remove their residual limb from the volumeter. The amount of water is recorded as the below
knee water displacement volume of the residual limb in cm’. The measurement by this method
will be repeated again at 5 minutes. after the first measurement, to assess the reliability.

Before performing the circumferential measurements, the subject’s stumps have to be
wrapped with the elastic bandages for not less than two hours (to make the stumps in good shape
and easy to measure).

The volumeter (figurel) was validated by the water 500 ml and 1,000 ml water ten times
for each volume. The mean measured volume and standard deviation were 499.6 & 1.43 ml and

999.1 % 1.10 ml, respectively.

Figurel Volumeter and collecting container with scale
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Tibial

Measure the circumferences start

> at Tibial tubercle level and 4-cm

/ apart to the end of the stump.

Figure 2 The circumferential measurement
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3.15 Data Collection and Management

Case record form was generated for each individual subjects to record the data

(Appendices), which included:

1) Demographic data and baseline characteristics
-Age (years)
-Gender
-Date of amputation
2) Date of being measured residual limb volume
3) Collecting hospital
4) The volume of residual limb that measured by water displacement method
(cm3) both the first and second time at the first and follow up visit.
5) Circumference of the residual limbs in each point, 4-cm interval (cm) both
the first and second times in the first and the follow up visit.
6) Length of the each section of the residual limbs (cm) both the first and
second time in the first and the follow up visit.
7) The volume of residual limb that calculated from frustum (cone) formula

(7,18) both the first and second time at the first and follow up visit, as the following:

V =(h) (C’ + Ce + ¢)) / 12(T)

C = the proximal circumference of each section

o
I

the distal circumference of each section

h = length of each section

8) The volume of residual limb that calculated from cylinder formula (5) both

the first and second time at the first and follow up visit, as following:

V = TC (circumference / 270) " h

Circumference = the mean of adjacent circumferences

h

length of each section



9) The changing volume of residual limb that measured by water displacement

method

10) The changing volume of residual limb that calculated from frustum (cone)

formula

11) The changing volume of residual limb that calculated from cylinder formula

3.16 Data Analysis

Using SPSS statistical program version 11.0 to analyze the data.

1) Calculate the mean difference of volume and 95% CI of girth (both frustum
and cylinder formula) and water displacement method at the first visit

* use the first time measurement of each method to calculate the difference

2) Calculate the mean difference of volume and 95% CI of the first and
second time measurement that measured by water displacement method at the first visit

3) Calculate the mean difference of volume and 95% CI of the first and
second time measurement that measured by girth method at the first visit

4) Calculate the mean difference of changing volume and 95% CI of girth

(both frustum and cylinder formula) and water displacement method

3.17 Ethical Consideration

1) All participants will receive rationale and detailed information of the study.

2) All participants will be encouraged to participate in the study and sign informed
consents.

3) This study uses only easy, simple and external measurement.

4) The author recruits only the proper participants so there should not be serious
adverse effects happen in this study. But if there is unexpected event that make subjects

have any risk, the researcher will be responsible for the care of the patients.
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CHAPTER IV

RESULTS

A total of 51 below-knee amputees were recruited in the study, 27 persons from King
Chulalongkorn Memorial Hispital and 24 persons from Sirinthorn Rehabilitation Center. The

amputees’ demographic data and baseline characteristics are shown in Table 1.

Table 1 Patient baseline characteristics

Characteristics
Number of amputees 51
Age in years (means SD) 55+18
Min = 19, Max =91

Sex Male [number (%)] 35 (68.6)

Female [number (%)] 16 (31.4)
Duration of amputation in months 5.47 (3.60,16.30)

[median (IQR)] Min = 0.6, Max = 31.13

IQR = interquartile range

The median time of having the amputated limb was 5.5 months, range from 0.6
to 31.1 months. There were 31 subjects (60.8%) who have been amputated limb less than 6.5
months and were followed up the residual limb volume. The mean (X SD) duration of being
followed up was 29.0 + 4.99 days.

All of 51 subjects were measured for their residual limb volumes by the water
displacement method and calculated the volume by girth measurement method (both frustum and

cylinder formulas). The comparison of measured volume of both methods was shown in Table 2.



Table 2 T he mean, mean difference, and 95% CI of mean difference of residual limb volume

that measured by water displacement and girth measurement methods.

Method First Difference from 95% CI of mean
measurement WD method difference (cm3)
Mean + SD (cm3) Mean + SD (sz)
WD 686.71+ 286
GM
Frustum 700.74 £ 289 -14.03 £46.91 -27.23,-0.84
Cylinder 700.23 + 289 -13.52 £ 46.83 -26.70, -0.35

WD = water displacement method, GM = girth measurement method

The mean, mean difference and 95% CI of mean difference of water displacement and
girth measurement method (frustum and cylinder formula) were shown in Table 2. The difference
in mean volume measured by water displacement and frustum formula method was -14.03 em’.
The difference in volume measured by the water displacement and cylinder formula method was
-13.52 cm’. The negative values mean that both of calculated volumes were higher than the
measured volume from water displacement method. The £10% mean of residual limb volume
that measured by water displacement method was + 68.67 cm’.The 95% CI of difference in mean
volume measured by the water displacement and calculated by the girth measurement method
(both frustum and cylinder formulas) were within the +10% of measured volume of water
displacement method. However, the mean different volume and 95% CI of mean different
volume of cylinder formula was less than the volume calculated from frustum formula.

The relation between the different volume (between the water displacement and cylinder
formula and between the water displacement and frustum formula methods) and measured
volume from the water displacement method were investigated by scatter plot in Figure 3 and 4.
From the scatter plot, there was no obvious relation between the different volume and measured
volume from the water displacement method. It showed that the difference or the measurement

error was not varied to the size of the residual limb.
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All methods were repeated to evaluate the reliability of the measurements. The mean
volumes of the first and second measurement in each method are shown in Table 3. The
difference in mean volume (and 95% CI of mean difference) of the first and second measurement
by the water displacement and calculating from frustum and cylinder formula methods were 2.20
cm’ (-5.48, 9.87), -4.23 cm’ (-8.09,-0.37), and -4.25 cm’ (-8.11,-0.40), respectively. The + 5% of
first measured volume of water displacement and first calculated volume by frustum and cylinder
formula methods were + 34.34 cmz, + 35.04 cm3, and £+ 35.01 cmz, respectively. From the Table
3, the 95% CI of mean different volume of first and second measured or calculated volumes of

all methods were within the +£5% mean of the first measured or calculated volume.

Table 3 The mean, mean difference, and 95% CI of mean difference of the first and second

measurement of residual limb volume by water displacement and girth measurement

methods

Method First Second Difference 95% CI of

measurement measurement Between mean
Mean + SD Mean = SD 1" & an difference

(cm3) (cm3) measurement (cm3)

Mean + SD
(cm’)
WD 686.71+ 286 684.51+ 291 2.20+27.28 -5.48,9.87
GM

Frustum 700.74+ 289 704.97+ 290 -4.23 +13.72 -8.09,-0.37
Cylinder 700.23+ 289 704.48 + 290 -4.25+13.71 -8.11,-0.40

WD = Water displacement method, GM = Girth measurement method
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Table 4 The mean, mean difference, and 95% CI of mean difference of changing volume that

measured by water displacement and girth measurement methods. (in 31 subjects)

Method Changing volume Difference 95% CI of mean
Mean + SD (cm3) From WD method difference(cm3)
Mean + SD (cm3)
WD 40.06 + 65.25
GM
Frustum 36.25 +£ 80.07 3.81 £32.25 -8.02, 15.64
Cylinder 36.18 +80.02 3.88+32.34 -7.99, 15.74

WD = Water displacement method, GM = Girth measurement method

The 31 subjects, who have been amputated limb for less than 6.5 months, were followed
up for the residual limb volume. The mean, mean difference and 95% CI of mean difference of
changing volume measured by the water displacement and calculated by the girth measurement
methods (frustum formula and cylinder formula) are shown in Table 4. The +10% means of
changing volume that measured by water displacement method was + 4 cm’. The mean different
of changing volume of frustum formula and water displacement method was 3.81cm’ and of
cylinder formula and water displacement method was 3.88 cm’.The 95% CI of mean difference

of changing volume of girth measurement method (frustum and cylinder formulas) were more

than +10% of mean changing volume that measured by water displacement method.
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Table 5 The Pearson correlation coefficients of residual limb volume and changing volume that

measured by water displacement and calculated by girth measurement method.

Measurement Correlation coefficients p value

WD and frustum formula 0.987 0.01

for residual limb volume

WD and cylinder formula 0.987 0.01

for residual limb volume

WD and frustum formula 0.922 0.01

for changing residual limb volume

WD and cylinder formula 0.921 0.01

for changing residual limb volume

WD = Water displacement method

The Pearson correlation coefficients of the water displacement and girth measurement
method (frustum and cylinder formula) for measuring the residual limb volume and the changing
residual limb volume are shown in Table 5. Although the correlation coefficients of the changing

residual limb volume were less than the residual limb volume, they were still very high.



CHAPTER V

DISCUSSION

In this study we determined the validity of girth measurement (both frustum and cylinder
formulas) for calculating the residual limb’s volume by exploring the agreement between them
and water displacement method, which was accepted the gold standard for measuring the limb
volume. The agreement was explored by calculating the 95% CI of difference in mean volume of
both methods. The range of both frustum and cylinder formulas were within the acceptable limit.
Thus, the girth measurement methods, both frustum and cylinder formulas, were valid to
calculate the residual limb volume compared with the water displacement method.

For comparing to the previous studies, Pearson correlation coefficients of both
measurement methods were analyzed. The correlation coefficients of frustum or cylinder formula
and water displacement for measuring the residual limb’s volume were high (r = 0.987). These
high correlation coefficients supported the results of previous studies that evaluated the
agreement of them in measuring the leg’s volume.(1,7,13)

The negative value of means and 95% CI of mean differences (Table 2) showed that the
calculated volumes from frustum and cylinder formulas were overestimated. Similar to the study
by Stranden in 1981(13), which compared the calculated volume of the leg using frustum
formula with water displacement volume in patients with leg edema following femoropopliteal
bypass grafting. This study concluded that there was a slight overestimation of limb volume from
the frustum formula method due to limb edema.

When the mean difference from water displacement of both formulas were compared, the
cylinder formula was. different from the gold standard less than the frustum formula. However,
the range of 95% Cl of difference in mean of cylinder formula was within the frustum formula’s
range. From these findings, we could not confidently conclude that the cylinder formula was
more valid than the frustum formula for calculating the residual limb volume. Still, the cylinder
formula might be more valid than the frustum formula. The residual limbs during postamputated
and preprosthetic period may be in cylindrical shape rather than cone shape. Kaulesar Sukul et
al(1) reported in 1993, the comparison between these two calculated formulas in measuring the
leg without foot volume using the correlation coefficients, which were 0.99 versus 0.93. They
concluded that only the cylinder method could be used interchangeably with the water

displacement model.



From the scatter plots of the different volume of water displacement and cylinder formula
(figure 3) and water displacement and frustum formula (figure 4) against the measured volume
from water displacement method, we have found similar results. There were no relation between
the different volumes and the volume of residual limbs. So the errors of measurement did not
vary with the size of residual limbs.

The 95% CI of mean difference of the first and second measurement by girth
measurement, frustum and cylinder formulas, were within the acceptable range ( + 5% of mean
volume of first time measurement by each method). The frustum and cylinder formula were
reliable to calculate the residual limb volume. Our findings agreed with the studies by Katch VL
et al(7) and Whitney SL et al(12). Katch et al(7) compared the frustum formula of girth
measurement and water displacement technique in calculating volume of normal legs and
reported that the intertrial reliability was above 0.95. Whitney et al(12) examined the reliability
of lower extremities within and between raters, reported intraclass correlation coefficients (ICCs)
range from 0.91 to 1.00 and concluded that it was reliable.

For measuring the changing volume of the residual limbs, the mean different volume from
water displacement of the frustum and cylinder formulas were within the limits (= 10% of mean
changing volume of water displacement) but 95% CI of them were out of the limit range. The
girth measurement, both frustum and cylinder formulas may not be valid enough to measure the
small changing volume. The mean changing volume was 40.06 cm3, which was only 5.83%
reduction of volume when compared to the first measurement (Table 2).The small changes of
residual limb volumes could be explained by all of the subjects recruited into this study had to
have good wound healing to prevent the complication from the water displacement method. Thus
after the wound-heals, the swollen residual limbs will be-much decreased in size and made the
volume changes in the next 4 weeks negligible.

The 95% Cl of mean-difference of-the first-and -second-measurement of water
displacement, frustum formula and cylinder formula were -5.48, 9.87; -8.09, -0.37; and
-8.11, -0.40, respectively. The difference of the first and second measurement of all methods was
about 20-25% of the mean changing volume (8-10 cm’ from 40 cm3). The water displacement
method and girth measurement may not be reliable to detect the small changing volume of these
patients’ stumps.

The water displacement method was difficult to set up and operate the volumeter. The

measurement was appropriate for the persons who have a good sitting balance and cooperation.
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While the amputees lowered their stumps into the volumeter until the level of the water met the
mark level, at this time they should not move their stumps for a few minutes. The moving stump,
even a little, can produce erroneous measurement because the water would easily drip from the
spout. From the studied field, it was hard to hold the amputees’ stumps in a fix position. This was
an important error that may make this method not reliable enough to measure the small change of
the stump’s volume. Even though the water displacement method is accepted to be the gold
standard for measuring the limb’s volume, the accuracy of measuring the small changing volume
is still questionable in this study. To eliminate the error and improve the reliability of the test, the
new design of volumeter or supporting equipment is needed. The residual limb should be slowly
lowered downward into the volumeter by the supporting machine to prevent moving or tilting of
the residual limb during measuring process.

For the girth measurement, each stump was measured 3-6 circumferences separately and
then used the mathematic formulas to calculate the residual limb’s volume. The repeated
measurements may cause more incorrect calculation of volume and poor reliability. To reduce
this error, the length of the measured segment may have to increase to reduce the times of
circumferential measurement. A further study is recommended to prove this idea. The plane of
each circumference measurement also affected the accuracy of measurement. The horizontal
plane or the plane that was at the right angle with the stump’s vertical axis was correct to
measure each circumference. If we can have the method to make the correct circumferential
measurement, the reliability of this method will be increased.

Thirty-one subjects were measured for the changing volume of their residual limb
volumes. This small sample size could affect the precision of 95% CI. Thus, we could not
confidently conclude-that both mathematic formulas were not. valid-to measure the changing
volume of the residual limbs.

The correlation coefficients of frustum - formula-and water displacement method for
calculating the changing volume was 0.922 and of cylinder formula and water displacement
method was 0.921. Both correlation coefficients were very high. If we take only correlation
coefficients into account, both of the mathematic formulas may be mistakenly concluded to be
valid for measuring the changing volume. This confirmed the suggestion by Altman and Bland(9)
that the use of correlation coefficients to evaluate the agreement between the two methods for
measuring the same thing was misleading. A high correlation does not mean that the two

methods agree with each other. The correlation coefficient measures the strength of a relation
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between two variables, not the agreement between them. Alman stated that if one would like to
replace the old method with the new method, what one should know is how much the new
method is likely to differ from the old method. If the difference is not large enough to cause
problems in clinical interpretation we can replace the old by the new method. He suggested using
simple calculation to explore the difference.

From our study, we concluded that the girth measurement method was simpler and
easier to handle than the water displacement method. This method agreed significantly with the
water displacement method but was not reliable enough to measure small changes of the limb
volumes. The water displacement method needed more cooperation from the subjects to slowly
immerse the stump into the volumeter. And the volumeter required time and space to set the

equipments.
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CHAPTER VI

CONCLUSION

The girth measurement methods, both the frustum and cylinder formulas, were valid and
reliable for calculating the residual limb volume in below knee amputees compared with the
water displacement method. The cylinder formula may be more valid than frustum formula for
calculating the residual limb volume. The validity and reliability of the girth measurement, both
frustum and cylinder formulas,
for calculating the small changing volume was questionable. The clinical use in this point should
be carefully considered.

Further studies should be conducted to prove the validity and reliability of the girth
measurement, both frustum and cylinder formulas, for measuring the changing volume of the
residual limbs. The following points should be concerned:

1. The prevention of residual limbs moving or shaking during the measuring period by

using the equipment or machine for suspension and stabilization.

2. Every circumference measurement should be done at a fix point and in a horizontal

plane.

3. The number of subjects should be large enough to determine the reliability of the

measuring methods to detect small changes of residual limb volumes.

The correlation coefficient is not a proper indicator for determining the agreement
between the two measuring methods that measure the same thing. A better way to establish in
agreement between the two measuring methods is to explore the likelihood of difference of both
methods. A clinically insignificant difference allows us to replace the older method with the new

one.
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APPENDIX 2

CASE RECORD FORM

Title : Validity and reliability of Girth measurement (Circumference measurement) for
calculating residual limb volume in below knee amputees.

Investigator : Jariya Boonhong MD.

Address............. 4. &£ FLF 3 2% TEON, . TR

Collecting Hospital.... ..ottt e

Demographic Data

2.Ag8..cciiiii, years

3. Gender L1 Male [l Female
4. Date of amputation ......... lisoosoom lisooc0000:
Outcome

I. Residual limb volume that measured by Water Displacement method

First Visit

st 3
5. 1 measurement .................. .... cm
6. 2" measurement ....................... cm’ (after 1" measurement 5 mins.)
7. Different 1™ & 2" measurement (5-6) oo cm’

Follow up Visit

st
8.1 measurement .................. .... cm
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I1. Residual limb volume that measured by Girth Measurement method

First Visit

st nd
1 measurement 2 measurement

‘ O . 1 Gy vvvenesiereeenCll 1% cir.

nd nd ,
2 cir. .cceveveeeee..CIM 2 cir.
} ....... cm
rd ,
3FCIF. . cm 3 Cir. ceeeiiiinnnnns cm
} } ....... cm }
th th
4F ciradyac o wvatl cm 4" Cirvveveevevennnns cm

)
g
—

® (Calculated from Frustum formula
V=(h) (C"+Cc+c)/12(T)
C = the proximal circumference-of each section

¢ = the distal circumference of each section

h = length of each section

st nd
1 measurement 2" measurement
st 3 3
1" segmentvol. ... cm cm
nd 3 3
2 segmentvol. ... CM e cm

..CIn
...CIMm
«oo.CIN

.. CIM

L | ...

cm
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rd 3
3 segmentvol. ... CM e cm
th 3
4" segmentvol. ... CM e cm
th 3
5 segmentvol. ... CM e cm
12. Total residual limb vol. in 1" measurement ........................ccoee.... em’
13. Total residual limb vol. In 2" measurement ..............c..ccccvevernn... om’
14. Different 1% & 2" measured volume (12 e cm’
® (Calculated from Cylinder formula
V. = TC(circumference/270)*h
Circumference = the mean of adjacent circumferences
h = length of each section
1" measurement 2" measurement
st 3 3
1 segmentvol. . (6710 cm
nd 3 3
2 segmentvol. ... GIINE N ... cm
rd 3 3
3 segmentvol. 0 L o114 cm
4" segment vol. ... oM’ e, em’
th 3 3
S segmentvol. .. CM e cm
15. Total residual limb vol. in 1" measurement ...............ccc.vvve.... em’
16. Total residual limb vol. In 2™ measurement ............................ om’
3

17. Different 1% & 2" measured volume (15-16) oo cm
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Follow up Visit

st
1 measurement

st
1 cir. .cceveevveecm

—0—

nd
AN | N cm
} ceeeeee..CIM
rd .,
3 Cimnan N s cm

th "y
4" cir...cceeeeeeee..C

th A
58cirt £.4....c. ..cm

Ne— th .
6 Jeigh..\. Ll ¥ cm

Calculated from Frustum formula
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nd
2 measurement

st ,
1 cir. ...........cm

nd
2 cir. ceeeee eeee cm
} ceeees.CIM
rd ,
3 cir.ceeeinnnnnn. cm

th .
5 Cir.ceeeeennnn. cm
} ceeees.CIM
th .
6 Cir..ceeeeeennnn cm

V = ) (C +Cec+c)/12(T)

C = the proximal circumference of each section
¢ = the distal circumference of each section

h = length of each section

st
1 measurement

st 3
1" segmentvol. = = = ... cm
nd 3
2 segmentvol. - e cm
rd 3
3 segmentvol. L.l cm
th 3
4" segmentvol. ...l cm
th 3
5 segmentvol. ... cm

18. Total residual limb vol. in 1" measurement

nd
2 measurement
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19. Total residual limb vol. In 2™ measurement ...............ocovveeeeveeeen.. em’
20. Different 1% & 2" measured volume (18-19) weeeeee e cm’
21. Changing volume that measured by Frustum formula (12-18) .................. cm’
Calculated from Cylinder formula
V = m(circumference /2m) > h
Circumference = the mean of adjacent circumferences
h = length of each section
1" measurement 2" measurement
st 3 3
1" segment vol. . Gy, T cm
2™ segment vol. L oM’ e, em’
rd 3 3
3 segmentvol. L CM i cm
4" segment vol. CM e, cm’
th 3 3
5 segmentvol. .. CII——b A ...oiieiiiiiiiiiiieaane cm
22. Total residual limb vol. in 1" measurement ...............c........c..... om’
23. Total residual limb vol. In 2" measurement .......c.....cveereveinn.. em’
24 Different 1% & 2" measured volume e-28).. 0. A VI10.1.. 1.1 cm’

25. Changing volume that measured by Cylinder formula (15-22)................... cm
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