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Objective: Minimally invasive approaches to the hip are beneficial to the pa-
tient, but reduce the space available for manipulation by the surgeon. De-
termining the available working space is important for the development of
surgical instruments, to track movements during surgery, as well as to classify
the invasiveness of the procedure.
Approach: We evaluate three measurement methods to assess the volume of
eight surgical sites in a cadaver study. The cavities were filled with an alginate
cast to determine its dimensions. Second, the depth, height, and width of the
surgical site were measured with a ruler and the volume was calculated. Last,
the surface registration method was used to reconstruct the site.
Results: We found that the mold filling method provides accurate results in
determining the volume of a surgical site. The manual method using a ruler
showed excellent reliability, but the calculations tended to overestimate the
volume of the surgical site. In contrast, surface reconstruction tended to un-
derestimate the volume of a surgical site, but the results closer resembled the
ones derived from the mold filling method.
Innovation: We presented a new method to assess the size of the surgical site
intraoperatively in minimally invasive hip surgery.
Conclusion: The manual method is reliable, but not as accurate as the surface
reconstruction, while the mold filling method cannot be used in an in-
traoperative setup. Although surface reconstruction showed deficits regarding
reliability, due to the lack of direct contact to the patient, it remains an ap-
pealing technique to measure the surgical site.

INTRODUCTION
During the last 10 years, steady

progress has been made in reduc-
ing soft tissue damage and skin in-
cision in total hip arthroplasty.1

Patients who undergo a minimally
invasive surgical (MIS) approach
benefit from a faster recovery and
shorter rehabilitation compared
with patients operated on with
more invasive procedures.2 Other
benefits of MIS hip surgery are
reduced operative blood loss, less
muscle tissue damage, and less
postoperative pain.1 Furthermore,

the smaller wound size lowers the
risk of microbial infection.

The MIS direct anterior approach
to the hip is characterized by a sig-
nificantly reduced working space
for the surgeon. To account for the
small operating space, special surgi-
cal instruments were developed for
this procedure.3 With the advent of
new surgical techniques in hip ar-
throplasty, such as robot-assisted
surgery, it is important to charac-
terize the available working space for
the development of new surgical in-
struments and to characterize the

David Putzer, PhD

Submitted for publication January 7, 2014.

Accepted in revised form March 26, 2014.

*Correspondence: Department of Orthope-

dics, Unit of Experimental Orthopedics, Innsbruck

Medical University, Innrain 36, Innsbruck 6020,

Austria (e-mail: david.putzer@i-med.ac.at).

438 j ADVANCES IN WOUND CARE, VOLUME 3, NUMBER 6
Copyright ª 2014 by Mary Ann Liebert, Inc. DOI: 10.1089/wound.2013.0521



possible movement of such in the surgical site.
Knowing the exact spatial dimension of the oper-
ation site created for MIS would also help establish
a classification of the impact of different minimally
invasive procedures, adding valuable information
to other aspects like blood loss, retraction of soft
tissue, and muscular damage. An extended work-
ing space, like in revision surgeries, implies also a
higher invasiveness as more hard or soft tissue
structures are affected.

The precise measurement of the operation site
proves to be difficult as the visualization of the
specific region can be problematic. The accuracy of
repeated measurements is challenging, as each
measurement has to be performed with the patient
in the exact same position.4 Typically, in minimally
invasive hip surgery, only the incision length is
reported, which solely provides information on skin
trauma resulting from the performed surgery. The
soft tissue trauma is more difficult to assess and
currently, there is no defined measurement system
to determine the damage to the muscular soft tis-
sue. The correlation between working space and
invasiveness of the procedure has yet to be dem-
onstrated in clinical studies.

Unlike in the surgical field, several measure-
ment devices exist to characterize the wound size
in the field of wound care treatment. The most
common methods, however, are limited to qualita-
tive and subjective visual evaluation or manual
measurement of the wound area in two dimen-
sions.5–8 The outlines of wounds with complex
shape have to be traced manually, which is time-
consuming and of low accuracy.9,10

To gain in-depth information, the wound size
can be easily estimated by simple measurements
using a Kundin gauge, a system composed of three
rulers aligned orthogonally to each other.7,11 Cur-
rently, several other wound measuring methods
are described in the literature.12–16 Most of these
methods are carried out manually and the mea-
surement instruments come in direct contact with
the patient. Contactless measurement devices,
which identify the border of the wound automati-
cally, have been developed recently.12,17

One promising technique currently used in non-
orthopedic applications is the calculated recon-
struction of the surface area of an intended surgical
site (see Blais18 for an overview).

Currently, a new generation of time-of-flight
(TOF) cameras, the Photonic Mixing Device (PMD),
was developed. These devices have the advantage of
combining fast imaging and high lateral resolution
with in-depth information of the captured scene,
yielding a fast and accurate three-dimensional (3D)

measurement. The camera is based on an array or
line sensor, which can measure the distance to the
target for each pixel in parallel, therefore capturing
a momentary 3D picture without scanning over the
sensor field, which creates an image over time.19

This camera system is thus far typically used for
real-time applications like gesture recognition20 or
robotic navigation.21

CLINICAL PROBLEM ADDRESSED

Although many measurement systems exist for
evaluating wound size in wound care treatment
applications, there is currently no measurement
system available on the market for recording the
surgical site intraoperatively. PMD cameras are
well suited to evaluate the dimensions of smaller
surgical spaces such as those opened during MIS
hip surgery. In this study, we directly compare the
results of different measurement methods used to
determine the volume of eight surgical siti of min-
imally invasive hip surgery on cadavers. We sug-
gest the use of PMD cameras as a novel, fast, and
noninvasive system to calculate 3D space models of
a surgical site.

MATERIALS AND METHODS

Five cadavers were used to compare the three
methods to detect the opening area and the volume
of the surgical site created during minimally in-
vasive surgery. MIS hip surgery was performed on
one or both sides of the cadaver. The surgeries were
carried out by an experienced hip surgeon. A total
of eight hip cavities were evaluated.

Mold filling method
The dental alginate impression material (Henry

Schein, Inc., Melville, NY) was used as cast mate-
rial in compliance with ISO 1563, BS 4269-Part2 to
achieve an accurate measurement of the volume of
the site.22 The powder was stirred before use and
mixed with tap water for 30 s to form an elastic cast
material that could be poured into the wound. The
material was filled into the cadaver cavities and
was left in place for more than 10 min to harden.
The volume of the alginate cast was subsequently
determined by measuring the amount of water it
displaces in a graduated cylinder.22 To avoid errors
created by drying out of the alginate and resulting
uptake of water, the measurements were carried
out immediately after the cast had been produced.

Kundins gauge
The second tested method, used primarily in

wound care treatment, utilizes a set of three rulers
at orthogonal angles to measure the length, width,
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and depth of the cavity.11 The depth was measured
at the deepest point of the cavity, and the length
and width were determined by considering the
maximum extensions of the openings.

Using the measured depth d, the maximum
width b, and the maximum length l, the volume of
the surgical site was approximated to a semi-
ellipsoid shape using the following equation:

Vsemiellispoid¼
2

3
(pdbl) (1)

and approximated to a tetrahedron shape calcu-
lated as follows:

Vtetrahedron¼
bld

2
(2)

Surface reconstruction
A third and newly tested method to measure the

3D dimension of a wound is the TOF-PMD camera
(PMDSK2 V.2.2.1; PMD Technologies GmbH, Sie-
gen, Germany), which consists of an optical trans-
mitter and an optical receiver.19,23 The high
acquisition rate (40 frames/sec) and the resolution
of 200 · 200 pixels make this camera suitable for
fast and accurate measurements that could be used
for continuous intraoperative measurements. An
algorithm was developed on MATLAB� (MATLAB
R2011b, MathWorks�, Natick, MA) to calculate the
area and volume using the PMD camera, to quan-
tify the working space in minimally invasive hip
arthroplasty. The PMD camera returns as output,
distance, intensity, and an amplitude matrix to-
gether with a 3D point cloud, which can be used for
surface reconstruction. By using the intensity and
amplitude values and by applying various filters
and image processing tools, a mask can be created,
which is used to select the 3D points corresponding
to the hip cavity. The volume of the corresponding
space can be calculated from these points.

Image correction
The distance, intensity, and amplitude images,

obtained with the TOF-PMD camera and imported
to MATLAB with the application programming
interface, were scaled to a grayscale image with an
intensity range from 0 to 1. The grayscale images
were adjusted to values resulting in 1% of data
points saturated at low and high intensities of the
images to enhance the contrast of the output im-
age. The amplitude image given by a TOF camera
has the drawback that, objects further away from
the camera appear darker than those located near
the camera. This is due to the fact that the power of

a light wave decreases with the square of the dis-
tance it covers. To compensate for this, the ampli-
tude data were corrected.24

Image filtering
The distance image can be used to remove the

extraneous background that is not needed for rec-
ognizing the soft tissue envelope border. The back-
ground filter proposed in this study eliminates the
values that are out of the range – 80% of the calcu-
lated median of each frame. In this study, a median
filter of kernel size 9 · 9 was used on the distance,
amplitude, and intensity values for each frame.

Contour extraction
A Canny edge-detection filter was used to extract

the contours of the soft tissue envelope to separate
them from the background. Combining the contour
of the corrected amplitude and intensity values, the
recognition of the contours were further improved.
This contour improvement for images obtained with
TOF-PMD cameras was described by Danciu et al.25

In this study, a vicinity and operation was used,
given by the following formula:

R(i, j)¼ +
2

k¼ � 2

+
2

l¼ � 2

[El(iþk, jþ l)

þEa(iþk, jþ l)]=Nmax

(3)

where Ed(i, j) are the edges determined by the
distance map and Ei(i, j) the edges determined by
the intensity map. Nmax is the maximum number of
possible contour points within the two vicinities.
The term (i + k, j + l) represents the neighbors of the
current pixel, found in its 5 · 5 vicinity.

The borders detected by the edge detection filter
were enlarged and cleared from attaching pixels
afterward. After this operation, the region for the
surgical site was selected by the following criteria:

0:9Aellipse<A<1:1Aellipse (4)

where Aellipse was calculated by determining the
minor and major axis length of the recognized re-
gions. The sum of the filled pixels of the mask is A.
To eliminate areas that were either too small or too
large, another selection criterion was introduced:

500<A<3000 (5)

where A is again the sum of all filled pixels in the
single recognized regions. This selected region was
used as a binary mask to select the corresponding
3D values of the point cloud image that correspond
to the surgical site.
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Volume calculation
Images were taken from different viewing an-

gles by moving the TOF-PMD camera. To com-
pensate for the variability of the results and
increase the performance of the algorithm, a tem-
poral filter was introduced. The temporal filter
calculated the average of two images registered in
two or more successive time steps. The position and
camera rotation were corrected by calculating the
rototranslation of the mask and applying it to the
values of the 3D point cloud. After selecting the 3D
points of the surgical site by the mask operation,
the area and volume were calculated by using the
Delaunay Triangulation. Therefore, the algorithm
recognized the border of the soft tissue envelope.
The delineation of this envelope was recognized
automatically, and no manual corrections were
necessary.

Statistical analysis
To compare the volume calculations for the three

different methods, 10 measurements were per-
formed for each method by three different observ-
ers. The mold filling method provided the ground
truth measurement. The intraclass correlation
(ICC) and interitem correlation (IIC) between rat-
ers were calculated. An ICC > 0.75 was considered
an excellent reliability for the measurements. The
data were analyzed with Excel� 2007 (Microsoft�

Office, Redmond, WA; SP2). Analysis of variances
(ANOVA) for repeated measurements was used
with the Bonferroni correction to pairwise com-
parison. Correlation was calculated at a two-tailed
significance level of 0.05. All statistical calculations
were performed using SPSS� (IBM�, Armonk, NY;
version 20.0).

RESULTS

Results showed that in comparison to the mold
filling method, the manual ruler measurement
followed by calculations using a semiellipsoid ap-

proximation or a tetrahedron approximation tends
to overestimate the volume, while the calculations
based on measurements carried out with the TOF
camera tend to underestimate the volume (Table
1). Pairwise comparison of the three methods using
the ANOVA showed a statistically significant dif-
ference between the measurement methods
( p < 0.001). Variability of the results was highest
for the TOF method, while the observed variability
was < 12.7% for the manual measurements (Table
1). A statistically significant correlation between
manual measurements and the measurements
carried out with the TOF camera was found in four
out of eight cadavers (Table 1).

Comparing the normalized difference of each
method to the mold method (as standard), it can be
deduced that the TOF measurement method is
approximating the volume determined by the mold
method closer than the method using ruler mea-
surements followed by shape approximating cal-
culations (Fig. 1). Also, the standard deviation of
the normalized differences between the TOF mea-
surement and mold method is lower compared with
the other two methods. Comparing the results de-
rived from the ruler measurement method, the
volume calculations using the tetrahedron ap-
proximation closer resembled the values derived
from the mold measurement method compared
with the calculations using the semiellipsoid ap-
proximation (Fig. 1).

Both approximations obtained with the manual
measurement method showed good reliability for
the thirty repetitive measurements using both
single and average measurements when assessing
the volume of the eight operation siti. The TOF
measurement had a good ICC only for the average
of the repeated measurements, while single mea-
surement ICC was < 0.75 (Table 2).

The IIC coefficient was > 0.962 for the two cal-
culation methods using the manual measurement
data, which indicates that the different observers

Table 1. Volumes of eight different surgical siti were determined with three different methods creating four different calculations

Operation
Site

Mold
Filling [cm3]

Tetrahedron
Approximation [cm3]

Semiellipsoid
Approximation [cm3] TOF [cm3]

Correlation Between Manual
Measurement and TOF (p-Value)

1 100 163 – 11 (6.5%) 171 – 11 (6.5%) 125 – 6 (5.2%) r = 0.020 (0.917)
2 110 198 – 16 (8.3%) 207 – 17 (8.3%) 104 – 7 (7.0%) r = - 0.512 (0.004)
3 150 136 – 13 (9.2%) 143 – 13 (9.2%) 73 – 9 (12.5%) r = - 0.006 (0.976)
4 150 215 – 16 (7.3%) 225 – 16 (7.3%) 67 – 10 (14.4%) r = - 0.280 (0.134)
5 173 496 – 63 (12.7%) 519 – 66 (12.7%) 164 – 28 (17.3%) r = - 0.399 (0.029)
6 180 212 – 7 (3.4%) 222 – 8 (3.4%) 135 – 36 (26.7%) r = 0.439 (0.015)
7 200 226 – 10 (4.4%) 236 – 10 (4.4%) 118 – 35 (29.6%) r = - 0.459 (0.011)
8 220 341 – 13 (3.9%) 357 – 14 (3.9%) 186 – 36 (19.5%) r = - 0.144 (0.448)

Mean and standard deviation of all measurements, as well as data variability (in brackets) are shown for each method and each site.
TOF, time-of-flight.
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achieve reliable results when assessing the volume
of the surgical site. The TOF measurement
achieved an IIC below 0.75, which means that a
smaller degree of agreement among observers was
obtained (Table 3).

DISCUSSION

Different measurement methods were evaluated
in a cadaver study to assess the available working
volume in minimally invasive hip arthroplasty.

The mold filling method is the most accurate in
determining the volume of a surgical site. Thus, the
measurements obtained with this method were
used as a reference value for the other methods
that estimate the real size of the operation site by
different calculations. Although the mold filling
method provides reliable data on the volume of a
surgical site, it is rarely used in an intraoperative

setting as it introduces the risk of infection, irri-
tation, or allergic reactions.16 In this study, the
mold filling method provided a ground truth mea-
surement for comparison.

The manual method, where length, width, and
depth are determined using a ruler, is an inex-
pensive and simple method, which is reported with
good inter-rater and intrarater reliability in the
literature.26 In our study, where the wound volume
was approximated to a tetrahedron and a semi-
elipsoid shape, the ICC and IIC showed excellent
reliability. Variability of the measurements was
lower than that from TOF camera images. Still,
results showed an overestimation of the actual size
of the volume using both shape approximations.
Similar results can also be found in literature,
where reports show that manual measurements
tend to overestimate the wound size.27 Although
having a better reliability and a reduced variability
of the measurements, both approximations showed
values that would stray further from the ground
truth than the TOF measurements. Average vari-
ability of the manual measurement was around
7% and comparable to the findings in a study by
Treuillet et al.16

TOF measurements underestimated the volume
of the operation site. Volume calculation depends
mostly on the viewing angle to the surgical site as
maximum depth changes with it. In each mea-
surement, an average of 250 pictures from different
viewing angles was used to calculate the volume of
the surgical site. A better way would be to recon-
struct a map out of the 250 pictures, which would
result in a longer calculation time, but should also
lead to a more accurate measurement. As a further
drawback, areas that are not in the direct line of
sight of the TOF camera were not considered in the
volume calculation. Minimally invasive hip sur-
gery is characterized by a deep and narrow surgical
site, where sight is impaired partially by the skin
incision. An underestimation of the wound size
resulting from TOF camera images is an intrinsic
problem that cannot be compensated for com-
pletely.

A significant correlation between the manual
method and the surface reconstruction method was

Table 3. Interitem correlation coefficient for the different
measurement methods

Interitem Correlation
Tetrahedron

Approximation
Semiellipsoid
Approximation

TOF
Measurement

Observer 1–Observer 2 0.995 0.995 0.704
Observer 1–Observer 3 0.962 0.962 0.625
Observer 2–Observer 3 0.973 0.973 0.674

Table 2. Intraclass correlation coefficient for the different
measurement methods

Measurement Method
Single

Measurement ICC
Average

Measurement ICC

Tetrahedron approximation 0.929 0.975
Semiellipsoid approximation 0.929 0.975
TOF measurement 0.650 0.848

ICC, intraclass correlation; IIC, interitem correlation.

Figure 1. Normalized differences of the values derived from ruler mea-
surement followed by tetrahedron approximation, semiellipsoid approxima-
tion, and the calculations from time-of-flight (TOF) camera measurements
to the mold method with the corresponding standard deviation. *Indicates a
p-value < 0.001 using analysis of variances pairwise comparison of the three
methods.
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found in four out of eight cadavers. The accuracy of
both measurement methods is probably too low to
be correlated to each other. Average variability of
the TOF measurement was approximately twice as
high (16%) as the average variability of manual
measurement (7%). The TOF measurement meth-
od has several limitations, which could influence
the high variability of the results. A limitation was
the low resolution of the used TOF-PMD camera.
The volume of the operation site could be calculated
more precisely from images providing a higher
image resolution. This can be addressed by using
the TOF-PMD camera in combination with a com-
mon digital camera, where image resolutions are
much higher.28 Automatic recognition of the en-
velope of the surgical site will also need to be im-
proved to reduce variability. In measurement
systems found in literature, the delineation had to
be corrected manually in some cases.12 Part of the
variability of the results could be influenced by the
operator of the camera, as the IIC coefficient was
lower than the one for the manual method. The use
of a support, where the camera is mounted and
which allows different viewing angles for regis-
tration, is recommended. The ICC coefficient was
also lower than the manual measurements, which
indicates that the results are less reproducible. The
challenge of measuring the volume of the operation
site intraoperatively was simplified by approxi-
mating the incision area to a semiellipsoid shape.
In the surgical situation, retractors would be in-
troduced, and the shape of the surgical site would
vary from the approximated semiellipsoid shape to
an extent that would depend on the number of re-
tractors inserted into the hip cavity.

Limitations of the study were the limited num-
ber of cadavers available and that only three ob-
servers were involved in the study. The inter-rater
reliability of the measurement may change with
more investigators. In the mold filling method, re-
peated measurements were not carried out as the
use of this method intraoperatively is questionable
and we do not expect large variations throughout
the measurements. Reliability of the measure-
ments carried out with the TOF camera may be
influenced more by the recognition algorithm than
the observers. Increasing the recognition rate of
the surgical site may improve significantly its
performance in calculating the available working
space.

Currently, no such intraoperative measurement
system is available on the market, which could be
used to estimate the extensions of the working
space during surgery continuously. Using a TOF
camera has a great benefit in comparison to the

other two methods investigated in this study, as it
is contactless and can continuously record the
surgical site. Manual measurement is easy to carry
out, but it is limited to single measurements during
surgery. The mold filling method is not suitable for
an intraoperative setting as it introduces the risk of
infection, irritation, or allergic reactions. In con-
clusion, the manual method is a reliable and re-
producible measurement method, even though it
tends to overestimate the volume of a surgical site.
Measurements carried out with the TOF camera
tend to underestimate the volume of a surgical site.
Still, the values obtained from calculations of TOF
image data closer resemble the actual wound size
determined by the mold filling method.

INNOVATION

The measurements using the TOF camera can
be carried out fully automatically and without
contacting the patient. The algorithm used in this
study can still be adjusted, further improving data
precision. The TOF camera allows the collection of
a vast amount of data about the visible zone in a
surgical site in real time. These data can be stored
digitally and organized with patient data. We
therefore recommend the use of the here described
method of calculating wound size from TOF camera
data in minimally invasive hip arthroplasty.
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Abbreviations and Acronyms

3D¼ three dimensional
ANOVA¼ analysis of variances

ICC¼ intraclass correlation
IIC¼ interitem correlation

MIS¼minimally invasive surgery
PMD¼ photonic mixing device
TOF¼ time-of-flight
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