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Measuring foot and ankle volume is important in
clinical and research settings to determine response
to treatment and to assess and compare the efficacy
of various experimental interventions.1 For example,
in oncology, sensitive measurement tools are re-
quired to detect the subtle changes in limb volume
that indicate the development or resolution of lym-
phedema.2 These techniques should be easy to use,
fast, and reliable.3

The foot and ankle together create a complex geo-
metric form. Determining the volume of this form
poses a clinical challenge. Common methods used
today in the clinic include water volumetry (WV),1, 4-6

which may be cumbersome; the figure-of-eight meth-
od,1, 7 which is an indirect measure of volume (Fig.
1); and optoelectric methods,4 for which reliability
and validity have not yet been well established for
foot and ankle volume measurement.

Water volumetry has long been accepted as the
gold standard for limb volume determination.5, 8 The
reliability of WV in measuring foot and ankle volume
was demonstrated by Petersen et al.1 In a study of 29
subjects with swollen ankles, they reported inter-
rater reliability to be intraclass correlation coeffi-
cient (ICC)[2,3] = 0.99 and intrarater reliability to be
ICC[3,1] = 0.99. However, standard, commercially
available volumeters do not allow for differences in
how much of the foot, ankle, and lower leg is includ-
ed in the volume measurement. For one commercial-
ly available volumeter, a vertical length of 9 inches is
immersed. Using this device on a 5-foot 11-inch male,
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the volume includes approximately 4 inches of the
distal lower leg in addition to the foot and ankle. An-
other commercial volumeter provides 1-, 2-, and 3-
inch risers to adjust for different leg lengths. However,
this device is 24 inches deep, so although the volume
of leg immersed is adjustable, a significant portion of
the lower leg is still included. Nowhere in the litera-
ture has a volumetric technique been described that
captures only the foot and ankle. No published dis-
cussions on the boundaries of the foot and ankle have
been found. Stanton et al4 suggested the use of bony
landmarks for reference. Stanton et al4 and Tierney et
al5 agreed that although water displacement is consid-
ered the gold standard, this technique is time consum-
ing, cumbersome, and inappropriate in the early post-
operative period or for limbs with open wounds. In
addition, extra time and expense are needed to ensure
sanitation of the volumeter.

Tierney et al5 and Stanton et al4 described two indi-
rect methods of measuring limb volume: the disc and
frustum methods. Both methods involve taking vari-
ous measurements of the leg, making certain assump-
tions about the shape of the leg, and applying a math-
ematical formula to calculate the volume. For the
disc method, the leg is assumed to be a collection of
cylinders varying in height from 3 mm to 4 cm, de-
pending on the author. The circumference of each
cylinder is determined with a tape measure, and the
volume is calculated from the formula (C2/4π)h. The
volumes of the cylinders are summed to determine
total limb volume. The frustum method assumes that
the leg approximates the shape of a truncated cone.
The upper and lower circumferences are measured
along with the height, and these values are applied to
the following formula: 

To our knowledge, no studies, published or unpub-
lished, have been found that discuss the reliability or
validity of this method.

A common technique shown to be highly reliable
for measuring ankle volume is the figure-of-eight
method. In 29 subjects with ankle swelling, Petersen
et al1 found interrater reliability to be ICC[2,3] = 0.98
and intrarater reliability to be ICC[3,1] = 0.98. Tatro-
Adams et al7 reported ICCs of 0.99 for both interrater
and intrarater reliability. However, these authors did
not indicate the specific ICC calculation used. This(1) V =  h12π • (C2 + Cc + c2)

(2) Vfoot =  Length • Circu
2π
mference • Height

(3) V = 2
1

• L • W • H

Figure 1. Tape measure in position for the figure-of-
eight technique.

where C is the upper circumference and c is the
lower circumference. The disc and frustum tech-
niques were shown to overestimate limb volume in
normal and diseased (lymphedema) limbs, with the
disc method overestimating by 8% and the frustum
method by 12%.5 Stanton et al4 concluded that the ac-
curacy of each model depends on the shape of the
limb segment. Either method of calculation, used con-
sistently, is sufficiently accurate to monitor changes in
limb volume.

In 1969, Jones and Pearson9 used the following for-
mula: 

to estimate foot and ankle volume as part of total
lower-extremity volume, where dimensions in the for-
mula were referenced to specific anatomical land-
marks of the foot and ankle. With measurements
taken according to this technique and WV, R values
were 0.91 and 0.83 for men and women, respectively.
Katch et al10 were dismissive of this method, claiming
that it involved too much calculation to be practical.
They used regression analysis to compare the direct
water-displacement technique with various leg girth
measurements. They also compared leg weight with
volumetric measurements. Despite their criticism of
the methods of Jones and Pearson,9 Katch et al10 of-
fered “prediction equations” that use the variables of
body weight and maximum calf circumference to cal-
culate an estimate of leg volume (standard error of
the estimate = 57.2 mL). 

Although not mentioned often in the literature, the
prism method is another method of estimating foot
and ankle volume that has been used clinically by one
of the authors of this study (E.A.). This method in-
volves determining the length (L) and width (W) of
the foot from a pen-and-paper tracing and measuring
the height (H) of the ankle to the lateral malleolus
(Figs. 2 and 3). The estimate is calculated as follows: 
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found that the Perometer volumes and volumes cal-
culated from 4-cm-spaced circumferential tape meas-
urements differed by a mean ± SD of 260 ± 170 mL
(4.14% ± 0.54%) in human legs and 170 ± 90 mL (6.97%
± 1.18%) in human arms. The linear correlation coeffi-
cients were 0.98 and 0.96, respectively. They also re-
ported that the Perometer consistently overestimated
volumes compared with those determined with the
circumferential tape method. Stanton et al16 demon-
strated that the Perometer and the sequential circum-
ferential tape method differ by a mean ± SD of 81.2 ±
64.6 mL (6.1% ± 4.2%) in normal human arms and
116.9 ± 69.4 mL (6.8% ± 4.3%) in lymphedematous
arms. Stanton et al4 said that the Perometer is “be-
coming the new gold standard.”(p128)

Man et al18 determined that limb volume measure-
ments taken optoelectronically are not consistent
across various joint angles. They showed a statistically
significant difference between the measured volume of
the lower extremity with the knee at full extension
compared with the knee flexed greater than 20°. 

The Perometer used by Stanton et al4, 16 comes
with software to determine circumferential measure-
ments of the foot and ankle but not volume. The
cross-section of the limb must have a circular or ellip-
tical shape for the optoelectric measurement tech-
nique to be used successfully. Therefore, Stanton et
al16 do not believe that the hand and foot can be reli-
ably measured with this device because they deviate
markedly from a circular or elliptical cross section.
Although this is true theoretically, no studies were
found in the literature that test the reliability of the
Perometer in measuring hand or foot volume. In list-
ing the drawbacks of the Perometer, Stanton et al4

stated that it is less accurate for hand and foot meas-
urements; but, they did not provide a reference for

method has also been shown to have concurrent va-
lidity as a measure of edema in the hand11, 12 and
ankle.13 However, its validity as a measure of foot and
ankle volume has not been shown in the literature. If
the figure-of-eight method does correlate well with
volumetry, regression might be used to estimate foot
and ankle volume.

The Brannock device (The Brannock Device Co
Inc, Liverpool, New York) is a commercially manufac-
tured device for measuring foot size (length and
width). It is sometimes used in foot clinics where
shoes are modified for extra depth and similar fabri-
cations. No literature has been found on specific
mathematical relationships between shoe size meas-
urements and foot and ankle volume measurements.

A device mentioned only once in the literature
used a manual digitizer/computer analysis system to
determine lower-limb volume, including the foot and
ankle. The device was found to have strong concur-
rent validity compared with WV (r = 0.992) and to be
highly reliable when used with edematous (r = 0.997)
and nonedematous (r = 0.962) limbs.14 However, this
device is not commercially available, and the primary
author of the article reported that no further work
was performed on this device. Computer-aided design
analysis15 and spiral x-ray tomography have been
used to determine residual limb volume with a fair
degree of reliability and validity, but these methods
have not been used for the same purpose with the
foot and ankle.

Optoelectric volumetry (Perometer 300 S; Pero-
System GmbH, Wuppertal, Germany) has been used
reliably to measure upper- and lower-extremity vol-
ume.3, 5, 16 It has also been shown to be a valid tool for
measuring limb volume.3, 5, 17 Tierney et al5 demon-
strated that the mean volume of the limbs of healthy
individuals measured with the Perometer was not sig-
nificantly different from the mean volume measured
by WV. They concluded that the Perometer is as accu-
rate as the current gold standard. Mayrovitz et al17

Figure 2. Tracing of the footprint to be used in the
prism method.

Figure 3. Schematic representation of the prism
method. (Courtesy of Sagar Parikh)
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this statement. Although Stanton et al16 showed that
in measuring the circumference of the cubital region
(elbow) the tape measure was more accurate than
the Perometer, they still concluded that the Perome-
ter is an expensive but convenient, reliable, and accu-
rate device for recording limb volume.

The purposes of this study were 1) to establish the
reliability of WV for determining the volume of the
foot and ankle combined; 2) to establish the reliabili-
ty and validity of the figure-of-eight technique, the
prism method, the Brannock device, and the Perome-
ter for determining the volume of the foot and ankle
combined; 3) to establish prediction equations of foot
and ankle volume for the figure-of-eight technique,
the prism method, the Brannock device, and the Per-
ometer, which could be used to determine foot and
ankle volume based on data derived from using these
techniques; and 4) to compare the accuracy of the fig-
ure-of-eight technique, the prism method, the Bran-
nock device, and the Perometer (with reference to
WV) and to determine which of these techniques
would provide the best agreement with foot and ankle
volume determined by means of WV.

Methods

Subjects

Ten asymptomatic individuals (5 men and 5 women)
aged 27 to 64 years (mean [SD] age, 41.5 [11.8] years)
volunteered for this study and agreed to have meas-
urements taken of both ankles and feet. Subjects
were screened for any acute ankle or foot swelling or
trauma (within the past 2 years) and for history of
ankle or foot pathologic abnormalities. Each subject
read and signed an institutionally approved consent
form. This study was approved by the institutional re-
view board of the National Institutes of Health Can-
cer Institute, Bethesda, Maryland.

Procedures

To determine reliability, one rater applied each of the
five methods three times to both ankles and feet of
the first five subjects for a total of 30 measurements
per subject (5 methods × 3 applications × 2 ankles
and feet). For the remaining five subjects, one trial of
each method was taken bilaterally (5 methods × 2
sides = 10 measurements per subject). Data for each
subject were collected at a single session, and all of
the measurements were taken by the same rater. The
order of the measurement methods was the same for
all of the subjects.

Water volumetry. The procedure for WV began
by marking the distal tip of the lateral malleolus with
a pen. The subject’s foot was placed in the empty
tank, with the back of the heel in light contact with
the back of the tank and the ankle in talocrural neu-
tral. Water was added to the tank up to the level of
the pen mark. A flexible tape applied to the side of
the tank was used to record the height of the water
level in centimeters. A piece of tape was then placed
on the side of the tank to mark the level of the water.
The subject’s foot was removed from the tank, allow-
ing time for water to drip off the foot back into the
tank until the dripping decreased to one drip per sec-
ond. The height of the water level was recorded again.
Width and depth dimensions of the tank were meas-
ured. A precisely filled 1,000-mL graduated cylinder
was used to add water to the tank until it was filled to
the tape mark. The amount of water added was record-
ed in milliliters.

Figure-of-eight method. The figure-of-eight meth-
od was performed with the subject in long sitting and
the feet resting comfortably over the edge of the
plinth (the reliability of this method is shown by Van
Herp and Shatti19). The zero mark of the tape measure
was placed at the distal tip of the lateral malleolus and
drawn along the following course: 1) medially over
the instep to the navicular tubercle, 2) laterally along
the arch to the base of the fifth metatarsal, 3) medially
over the instep toward the distal tip of the medial
malleolus, and 4) laterally across the Achilles tendon
to finish at the distal tip of the lateral malleolus. The
distance was measured in centimeters (Fig. 1).

Prism method. The prism method involved hav-
ing the subject sit with the ankle in the neutral posi-
tion with the foot resting on a piece of paper on the
floor. The foot was traced and the height from the
floor to the distal tip of the lateral malleolus was
measured (Fig. 2). From the tracing, drafting tools (a
straightedge and a T square) were used to create a
rectangle fitting the foot. The rectangle was based on
a straight line connecting the most medial point on
the heel with the most medial point on the forefoot.
The toe and heel lines were drawn at right angles to
the medial line. The lateral line was drawn at a right
angle to the toe and heel lines to complete a rectan-
gle. A ruler was used to measure the length and width
of the rectangle. These values and the height of the
lateral malleolus were used to define a parallelogram.
This parallelogram could be divided into two prisms
by passing a plane obliquely from the highest dimen-
sion at the heel down to the ground in front of the
toes. The volume of the foot and ankle would be
equal to the volume of the prism, or approximately
half the volume of the parallelogram (Fig. 3):
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Brannock device. We measured foot size with the
Brannock device following the instructions available
at the manufacturer’s Web site (http://www.brannock
.com/instructions.html) (Fig. 4). The seated subject’s
bare foot was placed in the device with the heel firm-
ly against the heel cup and the lateral aspect of the
head of the first metatarsal snug against the “arch
length pointer.” The subject was then instructed to
stand, and the arch length pointer was adjusted as
needed to capture the head of the first metatarsal.
Total foot length and arch length were read from the
device. Then the width bar was adjusted, and the foot
width was read from the device. Only “foot size” as
marked on the Brannock device (ie, size 9, size 9.5,
size 10, etc) was used to predict volume.

Perometer. To measure foot and ankle volume
with the Perometer, the subject was asked to stand
on the base of the Perometer and to place one foot on
the black adapter in full ankle plantarflexion with the
toes in the neutral position (Fig. 5). The infrared
scanner was elevated and lowered by the side of the
foot and ankle. The software was set to determine the
volume of the segment between the top of the black
adapter (where the toes make contact) and the distal
tip of the lateral malleolus (the distance had been
previously measured by hand with a tape measure;
the lateral malleolus is not visible in Fig. 5).

Data Analysis

Intraclass correlation coefficient [3,1] and SEM were
used to determine intrarater reliability for all of the
methods. The WV was operationally defined as the

gold standard, and all of the other methods were then
compared with WV by linear regression analysis. This
was considered to be representative of the validity of
the other methods. Regression analysis was run to
compare the methods with WV to determine the preci-
sion of other methods and to produce prediction equa-
tions for nondirect volume measurements.

Results

Reliability

The ICC[3,1] and SEM values for the various volume
methods are listed in Table 1. These values are based
on repeated measurements by one rater. High ICC
and low SEM implies good intrarater reliability.

Validity and Accuracy

Regression relationships between WV and the other
four methods of volume measurement are given in
Table 2. The ICC and R2 values in this table refer to
agreement between the measurement technique and
the WV method and are representations of criterion-
based validity. In Table 3, volumes predicted by the
regression equations from Table 2 are compared with
the WV values (considered to be the gold standard).
When predicted foot volumes of all of the feet for
each technique were compared with the foot volumes
from WV using paired t tests (ie, figure-of-eight vs WV,
prism vs WV, Brannock device vs WV, and Perometer
vs WV), the differences were not significant. Regres-
sion relationships are graphed in Figures 6 to 9 for all
of the feet in this study.

Closeness of fit between the WV data points and
the regression (predicted) lines provides a quantifiedFigure 4. Brannock device used to determine shoe size.

Figure 5. Foot and ankle in position in the Perometer.

Volume for prism (mL) = 
1/2 × (Height × Width × Length)
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representation of the accuracy of these techniques.
Two statistics that can be used to represent closeness
of fit are mean deviation and standard error of the es-
timate. These values are presented in Table 4.

Applicability

The regression equations in Table 2 can be used to
predict foot and ankle volumes based on the meas-
urements taken using the four techniques other than
WV. Units for these measurements (x1, x2, x3, and x4)
are unit-corrected by the coefficients appearing be-
fore each x (eg, the equation for figure-of-eight would
be interpreted as: y [volume of the foot and ankle, mL]
equals 35.616 [mL/cm] times x1 [cm] minus 1108.6
[mL]). This is a standard method for interpretation of
regression (prediction) equations.

To create Table 3, we applied the four regression
equations listed in Table 2. In Table 3, one can see
that most predictions are quite close to the volumes
determined via WV but not uniformly exact for all of
the individual subjects. Finally, Table 4 presents two
measures related to closeness of fit, which indicates
how well any particular regression lines agree with
an entire data set, in this case, 10 subjects.

Discussion

The findings from this study indicate that all of the
methods investigated can be reliably used by a single
rater to estimate the volume of the foot and ankle in

healthy individuals (Table 1). However, there are some
differences among the techniques related to how accu-
rately they can be used to predict true volume.

In this study, only intrarater reliability was consid-
ered. There were two reasons for this emphasis. First,
our principal interest was to investigate the innate re-
liability of these measurement techniques without in-
troducing statistical errors associated with multiple
raters. Second, many volumetric measurements taken
clinically are for the purpose of either comparing one
limb with another or to monitor changes in volume
across time. This is also why ICC[3,1] was chosen as
the statistic, as discussed by Shrout and Fleiss.20

Given that WV is considered the gold standard for
true volume, concurrence between predicted volumes
and volumes determined via WV can be considered to
represent the validity of these techniques. The R2 val-
ues in Table 2 can be interpreted as the percentage of
variation in foot and ankle volume identified by the
given technique. The figure-of-eight technique, with
96% concurrence after application of the regression
equation in Table 2, comes closest to matching the WV
method.

Table 3 provides the predicted volumes together
with the actual volumes for this sample. Differences
in techniques are not easily discerned from this array,
and average values are not significantly different.
However, averages alone can hide variability in data.
To obtain a clearer picture of how these techniques
compare, we plotted the predicted volumes for each
technique against the WV values in Figures 6 to 9. The
scales on the ordinate and abscissa are approximate-
ly identical, and, therefore, a diagonal line represents
a “line of perfect agreement” between WV and the
other technique represented in each figure. “On the
average” close agreement can be seen between the
predicted values and the true values. Mean deviation
is the average of positive and negative deviations
(Table 4). The closer this value is to zero, the more
symmetrically the points are distributed around the
reference line.

However, another important characteristic of how
well these lines represent the true data is the scatter

Table 1. Reliability Coefficients for Foot and Ankle Volume
Measurements

Intraclass Correlation 
Method Coefficient [3,1] SEM, mL

Water volumetry 0.99 ±2.5
Figure-of-eight method 0.99 ±2.5
Prism method 0.99 ±2.5
Brannock device 0.99 ±2.5
Perometer 0.96 ±7.5

Abbreviation: SEM, standard error of the mean.

Table 2. Regression Between Alternative Foot and Ankle Volume Measurement Methods and Water Volumetry

Method Intraclass Correlation Coefficient [3,1] Regression Equation R 2

Figure-of-eight method 0.96 y = 35.616x1 – 1108.6 0.96
Prism method 0.73 y = 1.1075x2 – 3.259 0.73
Brannock device 0.88 y = 66.059x3 + 87.333 0.88
Perometer 0.81 y = 0.856x4 + 42.533 0.81

Abbreviations: y, foot and ankle volume, in milliliters, as determined by means of water volumetry; x1, length, in centimeters;
x2, prism volume, in milliliters; x3, foot size (eg, 8, 8.5, or 9); and x4, volume, in milliliters, predicted using Perometer software.
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Table 3. Predicted Foot and Ankle Volumes Compared with WV Values

WV Figure-of-Eight Method Prism Method Brannock Device Perometer

Subject No. R L R L R L R L R L

1 503 503 494 530 543 549 484 418 535 517
2 549 549 558 512 669 593 583 550 572 513
3 503 480 505 523 488 481 583 616 431 523
4 595 595 587 608 665 666 649 550 673 752
5 663 594 597 619 598 596 682 649 639 613
6 915 915 925 886 822 714 847 880 847 778
7 1,006 915 986 982 822 875 913 880 875 883
8 777 755 808 822 900 866 715 682 940 822
9 960 869 889 857 978 977 979 979 883 813

10 915 869 872 875 805 823 913 880 949 870
Averagea 739 704 722 721 729 714 735 708 735 708

Abbreviations: L, left foot, R, right foot; WV, water volumetry.
Note: Volumes are given in milliliters.
aAverage differences for right and left feet combined were not significant when comparing WV with other techniques (2-tailed,

paired t tests).
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Figure 6. Foot and ankle volume (in milliliters) esti-
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Figure 8. Foot and ankle volume (in milliliters) esti-
mated using the Brannock device compared with water
volumetry.
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Figure 9. Foot and ankle volume (in milliliters) esti-
mated using the Perometer compared with water vol-
umetry.
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mated using the prism method compared with water
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(or regression) between the data points and the line,
independent of direction (ie, positive or negative).
The standard error of the estimate is a measure of
this quality. This statistic is similar to an SD but in-
stead of regressing around the mean of a data set, it
regresses around the prediction line. Based on the
standard error of the estimate, the figure-of-eight
method provides the best prediction values, followed
by the Brannock device and the Perometer. Finally,
the prism method is the least successful of these
techniques. 

Although WV is among the most reliable of these
methods and is considered the gold standard for deter-
mining the volume of any extremity, several associated
difficulties may indicate the need for other volume de-
termination methods.4, 7, 13 This procedure is time con-
suming and messy, and it may be contraindicated for
patients with ulcers, open wounds, or postoperative
wounds on the body part being immersed. Further-
more, the current collection of commercially avail-
able volumeters does not allow consistent isolation of
the foot and ankle. When comparing multiple sub-
jects, the same anatomical reference point must be
consistently used for each subject. The WV technique
used in the present study was designed to minimize
measurement error. However, even with this method
there were four possible sources of measurement
error: 1) filling the tank to the appropriate level on
the ankle, 2) reading the water level with the foot and
ankle submerged, 3) unaccounted loss of water vol-
ume with removal of the foot and ankle (ie, drips and
splashes), and 4) reading the level of water with the
foot and ankle removed. A tank with a height-ad-
justable spout might better allow for foot and ankle
isolation and reduce possible measurement error.

The figure-of-eight method can be used reliably as
a measure of ankle girth to show changes in swelling

and edema.4, 7, 13, 19 However, this is strictly a linear
measurement that allows a researcher or clinician to
determine changes in ankle girth from session to ses-
sion or to compare differences in the affected versus
unaffected ankle. The figure-of-eight method was not
used to estimate the actual volume of the foot and
ankle. In 1973, Katch et al10 investigated the relation-
ship of various girth measurements of the leg to de-
termine their relationship to total leg volume. Their
results produced a prediction equation for total leg
volume based on body weight and maximum calf cir-
cumference. The present study produced a similar
equation for the foot and ankle based on the figure-of-
eight measurement with a standard error of the esti-
mate of only a few milliliters. A virtue of this method
is its ease of use, requiring nothing more of the patient
than his or her tolerance of the tape measure against
the skin. The technique can be performed with the pa-
tient in almost any position. Disposable tape measures
are commercially available and are very inexpensive.

Little mention has been found in the literature of
the prism method or the Brannock device. Although
the prism method is relatively simple, it produced the
most variability in its prediction of actual volume,
with a standard error of the estimate of 25.8 mL. This
may be related to the natural irregularities found in
feet, for which this method does not account. The
ability of the Brannock device to predict true volume
has a smaller error (14.1 mL), but this is still greater
than the figure-of-eight technique. In addition, this de-
vice is not a common piece of clinical equipment and
costs approximately $50. More importantly, the strong
association between foot size and volume suggests
that the feet we measured are similar in shape, with
very good agreement on relative dimensions. For
these feet, a single number—shoe size—is a good
predictor of foot volume. This approach would not be
satisfactory when working with edematous or de-
formed feet, which would be expected to have irregu-
lar shapes.

The Perometer has been used reliably for the meas-
urement of upper- and lower-extremity volumes, ex-
cluding the hands and feet. Although there was not a
significant difference between the mean volume meas-
ured with the Perometer and the mean volume meas-
ured using WV, the Perometer resulted in a greater
standard error of the estimate (17.7 mL). In addition,
the testing position required to take the measurement
may not be suitable for some individuals. Although
there is a Perometer on the market that allows the pa-
tient’s lower extremity to be horizontal, this position
is still restrictive for patient positioning. Furthermore,
the cost of the Perometer is likely to be prohibitively
expensive for many clinics. Finally, measurement error

Table 4. Closeness of Fit Between Actual and Predicted
Volumes

Method Volume, mL

Mean Standard Error
Deviationa of the Estimateb

Figure-of-eight method 0.206 8.29
Prism method –67.1 25.8
Brannock device –0.0006 14.09
Perometer 0.012 17.66

aMean deviation is the average of the sum of the differ-
ences between the prediction equation and the actual water
volumetry values.

bStandard error of the estimate is the average of the square
root of the sum of the squared differences between the predic-
tion equation and the actual water volumetry values.
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rates are affected by varying joint angles and by limb
orientation within the infrared array.16, 18

Of future interest is the determination of what
would be a clinically significant change in volume. Ger-
ber et al21 described evaluation criteria for lymphede-
ma of the upper extremity. Changes from 0 to 80 mL
were described as being a sign of initial subclinical
reversible and acute lymphedema. However, they did
not describe what would be considered a clinically
significant change in volume. Stanton et al4 expound-
ed on the virtues of defining “a quantitative threshold,
above which the limb swelling may be said to be pres-
ent.”(p123) For upper-extremity swelling, they suggested
that the most sensitive indicator is a difference in arm
volume greater than 200 mL. They also said that look-
ing at percentage differences seemed to be more uni-
versally applicable, offering 10% as the appropriate
cutoff point, again speaking of the upper extremity. If
the clinically significant percentage volume change
for the foot and ankle is similar to that of the upper
extremity, any of the methods addressed in this study
might be useful. However, based on the standard error
of the estimate in Table 4, the figure-of-eight tech-
nique seems to be the most accurate.

When measuring the volume of any anatomical
component, the boundaries must be defined. For the
methods of the present study, the foot and ankle were
defined as the distal portion of the lower extremity,
with the proximal boundary being drawn at the level
of the distal tip of the lateral malleolus. We found no
discussion in the literature of a clear distinction be-
tween where the lower leg ends and the ankle begins,
so our boundaries may seem somewhat arbitrary. Our
choice was based on the location of an easily palpable
bony landmark. We could just as easily have chosen
the distal tip of the medial malleolus, which would have
resulted in a slightly different foot and ankle volume.

Study Limitations and Future Research

A larger sample size may result in an improved fit of
curves. We tested only intrarater reliability and not in-
terrater reliability. However, the three measures be-
lieved to be worthy of continued use have shown, as
discussed previously, good interrater reliability (WV:
ICC[2,3] = 0.991; figure-of-eight method: ICC[2,3] =
0.98l1; and the Perometer: ICC > 0.963).

Finally, and most importantly, we studied only nor-
mal feet. Landmarks on edematous feet are more dif-
ficult to locate, and positioning may not be as man-
ageable for the different techniques. Therefore, we
believe that the validity and reliability of all of the
techniques may be reduced when working with seri-
ously swollen, deformed, or injured feet. We encour-

age additional studies to include patients with lower-
extremity lymphedema and rheumatoid arthritis and
to try different lower-extremity positions.

Conclusion

Valid and reliable measures are the foundation of re-
search and clinical practice. Any of the techniques
evaluated in this study could be used to determine
volumes of healthy foot and ankle complexes with
reasonable levels of validity (accuracy) and reliabili-
ty. The clinician would need to take the measure-
ments as described and enter them into the regres-
sion equations in Table 2. However, the figure-of-eight
method may be expected to provide the best agree-
ment with volumes obtained via WV, the recognized
standard for volume measurement, and this technique
is less expensive and less time consuming than the
other techniques studied. If future research shows
similar results for the edematous foot, investigators
and clinicians will have at their disposal a volume
measurement method that is truly inexpensive and
easy to use.
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