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Abstract

This study describes the development process of a morcellator for uterus
removal during total laparoscopic hysterectomy. The instrument is designed
to obtain access to the intra-abdominal space through the vaginal canal,
instead of using a minimal incision which is the current standard practice.
The study makes use of conclusions drawn from a prior literature study to
establish a set of criteria that was the basis for the design and evaluation of a
trans-vaginal morcellator. By means of an in-depth function decomposition
analysis, as well as both an in-vitro and a clinical functionality assessment
of the current standard morcellators, the strengths and weaknesses of the
current morcellation working principles are identified. These findings were
then used to design and develop a trans-vaginal morcellator prototype, which
was assessed in-vitro. Points of improvement upon the standard morcellation
principles, besides the point of access, include a novel cutting blade geometry,
an altered dissection method based on a rotationally vibrating blade, and an
adjustable cutting blade exposure to facilitate tissue peeling.
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Chapter 1

Introduction

Since the advent of minimally invasive (laparoscopic) surgery (MIS), it has
been a challenge to remove large amounts of tissue, such as the uterus in a
laparoscopic hysterectomy or myomas in a laparoscopic myomectomy, with-
out breaching the integrity of the laparoscopic procedure. In other words;
it has been a challenge to remove large tissue masses through a minimal in-
cision without having to extend the incision. To this end, the morcellator
was first created by Dr Semm in 1991 [24], quickly followed by Steiner et
al. in 1993 [25], and since then various morcellators have been designed and
brought to the market. What morcellation really is, has not yet been clearly
defined in literature, but one possible definition is;

“Morcellation is the division of solid tissue (as a tumor) into pieces, fol-
lowed by piecemeal removal.” [26, 27]

Dividing the tissue mass into smaller pieces is referred to as debulking, and
the piecemeal removal is the tissue transport out of the patient, through the
minimal incision. A morcellator is thus a medical instrument which is de-
signed to debulk and remove large tissue masses through a minimal incision
at MIS. In practice the amount of tissue pieces in which a large tissue mass
is removed ranges from a few to well in the hundred strips (depending on
the size and shape of the mass), hence the use of the term piecemeal, but
note that theoretically it is possible to debulk and remove tissue in one single
strip when morcellating.

Morcellation is most commonly applied in both the fields of gynecology
and urology. Where gynecology is the medical practice of dealing with the
health of the female reproductive system (i.e. the uterus, vagina and ovaries),
urology focuses on the urinary tracts of males and females and the reproduc-
tive system of males. Both fields utilize the principles of morcellation, but
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the situations at which this is done can vary significantly. For example,
when removing the uterus in a Total Laparoscopically (Assisted) Hysterec-
tomy (TL(A)H; field of gynecology), the uterus is fully separated from its
surroundings, i.e. resected. If the uterus is to big to be drawn through the
vaginal tract intact, and the surgeon is disinclined to make an abdominal
incision (read: Küstner or Pfannenstiel incision), an abdominal morcellator
can be applied to debulk and remove the uterus partially or fully. In this situ-
ation the morcellator functions in a dry ‘open’ environment (i.e. the inflated
abdominal area), through a 12 or 15 mm wide incision under direct laparo-
scopic vision. Alternatively, in a Laparoscopic Radical Nephrectomy (LRN;
field of urology) the kidney is removed either intact through an extended
incision or morcellated. For morcellation the kidney is usually placed inside
an endoscopic bag after which the neck of the bag is brought up through a
minimal incision and either a mechanical morcellator is blindly applied to
the contents of the bag or the kidney is debulked manually with ring forceps
(i.e. tearing the tissue into pieces). The mechanical morcellator applied here
is thus used in an dry enclosed environment (i.e. the bag), usually through
a 15 mm wide incision, with limited (outside the bag) or no laparoscopic
vision.

Because of the large variation in medical procedures, patient morphol-
ogy, tissue density, and morcellation conditions, various morcellators have
been brought to the market with various working principles, i.e. the (elec-
tro)mechanical mechanism by which they debulk and transport tissue. A
literature study [23] performed on these instruments discerned four impor-
tant observations:

1. The working principle named ‘motor peeling’ is currently the fastest
available on the market (utilized in the following instruments; Gynecare
Morcellex, Storz Rotocut G1, Wolf Morce Power Plus)

2. Using an endoscopic bag increases morcellation rate (g/min) due to
increased control over the tissue mass. Additionally, tissue debris is
contained within the bag, negating the need for a surgeon to survey
the abdominal area for dispersed tissue pieces. The addition of a cus-
tom applied environment to forcefully distend the bag could, to certain
extends, possibly prevent accidental bag perforation.

3. The size of the incision influences the morcellation rate. A larger
incision allows for the application of a morcellator with an equally sized
tube diameter (available=10, 12 and 20mm) to remove thicker tissue
pieces leading to an increased morcellation speed.
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4. The continuity of a morcellation process should be optimized and the
number of actions a surgeon needs to perform to morcellate be reduced.

These four statements lead to the preliminary conclusion that an opti-
mally designed morcellator needs to have a continuous working princi-
ple and allow optimal control over the tissue mass whilst having a large
functional diameter but simultaneously minimizing impact on the patient.
Even though most technological advances in MIS instruments are aimed at
increasingly smaller and thinner instruments, the exact opposite is needed for
the morcellator from a functionality point of view. Creating a morcellator as
described above would in theory function faster than motor peeling morcella-
tors but not necessarily safer. That is because there are still certain problems
associated with the currently available morcellators applied through a MIS
incision. These include significantly increased procedure time, unwanted tis-
sue spread in the abdominal cavity (potentially causing inflammation and/or
necrosis) and increased inspection and irrigation time for removal of tissue
debris. These issues, which are discussed (and proven) in more detail in sub-
sequent chapters, negatively influence the duration, difficulty and safety of
the procedure and need to be improved upon in future morcellator designs.

This thesis focuses on the Total Laparoscopic Hysterectomy (TLH) pro-
cedure (field of gyneacology) where an enlarge uterus is resected and fully
removed. This removal process is accomplished through either partial or full
morcellation, performed through one of the minimal incisions (see figure 2.1).
In this procedure, due to the full resection of the uterus (including cervix),
the vaginal canal is available for easy access to the abdominal area. Partial
debulking of the uterus with a morcellator and subsequent trans-vaginal re-
moval of the remaining tissue mass is a therefore a frequently applied method.
But often the vaginal cuff is first sutured closed before continuing on with
the tissue removal process, and thus all tissue removed through an abdom-
inally applied morcellator. Currently no morcellators exist making optimal
use of the trans-vaginal canal, created during TLH and similar laparoscopic
full uterus removal procedures, to access the abdominal cavity. But a trans-
vaginal morcellator allows for a larger functional allowed diameter when using
the vaginal canal and thus has the potential for the removal of larger debulked
tissue strips. Moreover, the lowest pocket in the abdominal area (called the
recto-uterine pouch or cul-de-sac) is the location where the resected uterus
would lie stable at rest (due to gravity). And the trans-vaginal approach
directly access this location and would thus allow the surgeon more control
over the tissue mass during morcellation as it is supported at this location.
In figure 1.2 a comparison is given between the standard MIS approach and
a hypothetical trans-vaginal morcellation approach.
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Figure 1.1: Standard morcella-
tion pathway at Total Laparo-
scopic Hysterectomy (TLH) and
Laparoscopic Supracervical Hys-
terectomy (LSH) [1].

Figure 1.2: Schematic representation
of standard morcellation approach vs.
theoretical trans-vaginal morcellation
at TLH. Picture obtained and altered
from Pasic and Levine, 2007, p.300 [2].

From the above observations the following hypothesis was derived for
TLH procedures:

“A transvaginal morcellator can have a large functional diameter and safely
be applied in a Total Laparoscopically Hysterectomy (TLH) leading to a reduc-
tion in procedure time compared to abdominally applied motor peeling mor-
cellators.”

This thesis describes the design, prototyping and testing of such a transvagi-
nal morcellator. The report is structured to first give one insight into the
current literature (Ch.2) relating to the relevant medical procedures (§2.1),
morcellator working principles (§2.2) and currently available vaginal extrac-
tion methods (§2.3). Following this, the method of designing and prototyping
is discussed (Ch.3) with the used criteria and limitations. Before going on
to the designing stage of the project, first a commonly used motor peeling
morcellator is tested and evaluated objectively (Ch. 4). Next, in the design
chapter (Ch.5) the various stages to come to a final design are given, which
is then prototyped (Ch.6). This prototype is subsequently evaluated (Ch.7)
on the basis of the chosen criteria and compared to the already analyzed and
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tested motor peeling morcellator. Following is a discussion (Ch.8) in relation
to current morcellators available on the market. Lastly, the conclusions will
follow in the final chapter.
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Chapter 2

Literature

This chapter will give one a fundamental knowledge of the procedures per-
formed in Gynecology which involve morcellation; hysterectomy and my-
omectomy (§2.1.3). Before introducing these surgeries, the principles of Min-
imally Invasive Surgery (MIS) (§2.1.1) and the operating room (OR) setup
(§2.1.2) are introduced. Following this, literature relating to hysterectomies
(§2.1.3), and morcellation working principles (§2.2) are discussed. These
principles are the result of the previously performed literature study [23].
Finally, vaginal extraction methods (§2.3) are discussed.

2.1 Medical Procedures

The gynecological surgeries most commonly performed, which involve morcel-
lation, are hysterectomies and myomectomies. At a hysterectomy, the uterus
of a woman is partially or fully removed, and a myomectomy is the surgical
removal of uterine fibroids, also known as myomas. This thesis will focus
on the vaginal removal of a full uterus through the use of a newly designed
transvaginal morcellator, and therefore only the hysterectomy procedures will
be discussed. First though, the principles of MIS and the operating room
(OR) situation (i.e. equipment, set-up) need to be introduced.

2.1.1 Minimally Invasive Surgery (MIS)

Minimally invasive surgery, also known as laparoscopic surgery or keyhole
surgery, is a technique in which operations in the abdomen are performed
through small incisions. These small incisions are usually 5 to 15mm wide. In
order to create adequate working space for the surgeon, a pneumoperitoneum
is created, i.e. the abdomen is inflated to approximately 14-15mmHg. This
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Figure 2.1: Abdominal hys-
terectomy [3].

Figure 2.2: Minimal invasive procedure in-
side the abdominal cavity [4].

is achieved through the use of a Veress needle, usually placed in the umbilical
area. Once the appropriate pressure is reached, the necessary trocars may be
inserted. For ease of insertion, the surgeon may temporarily raise the pressure
to 20-25mmHg. With the trocars in place, the surgeon is able to perform any
number of tasks with endoscopic instruments (graspers, bipolar coagulating
forceps, etc.) under laparoscopic vision which in the past would have required
a laparotomy. A laparotomy is a large incision made into the abdomen. In
the case of a hysterectomy, the incision would be a Küstner or Pfannenstiel
incision (a roughly 2-4cm transverse incision below the umbilicus and just
above the pubic symphysis [28]). Both the abdominal and MIS approach
have been displayed in figures 2.1 and 2.2.

Laparoscopic surgery has large advantages compared to abdominal surgery.
It is less invasive, the risk of infection is decreased, and the patient requires
less time to heal. As expected though, the disadvantage to MIS is that it is
more difficult to learn. This is due to a restriction in freedom for the surgeon
to perform the necessary tasks. The surgeon cannot use his fingers to manip-
ulate the uterus, but has to do this with graspers while looking at the camera
image, which shows the uterus and instruments under a non-intuitive angle.
Furthermore, large investments are required by the hospital to acquire the
necessary surgical tools.
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Figure 2.3: Schematic representation of the positioning of the medical team
in the operating room [2].

2.1.2 The Operating Room

The general setup of an operating room is designed to optimize the efficiency
of the medical team operating in it. The team consists of the surgeon, a first
assistant, a scrub nurse and an anesthesiologist. A schematic representation
of the OR setup is given in figure 2.3. Also present is a circulating nurse
(not shown in the figure) who is the main coordinator of the team and is
responsible during the procedure for running the video, checking suction and
irrigation equipment, and generally providing support and maintaining the
steady rhythm of the operating team. One should note that the setup can
change, depending on the preferences of the surgeon, and thus the figure
represents but one example of a possible situation. Often, the first assistant
may stand on the same side as the surgeon, to the left of the patient, and is
the laparoscopic equipment placed near the scrub tech. [2].

The standard OR equipment typically includes surgical lights, anesthesia
equipment (including vital signs monitors), and an operating table that can
be placed in deep Trendelenburg position and include rails that will accom-
modate the stirrups, shoulder braces and other possible equipment. Suc-
tion, irrigation and insufflation instruments are also present, together with
laparoscopes, and video imaging and capturing equipment, etc. Moreover,
equipment for bipolar and unipolar electrosurgery (including generator), en-
doscopic instruments such as scissors, forceps, bipolar coagulating forceps,
clip forceps and secondary trocars of various sizes (5mm and 10-12mm) are
almost always used [29].

9



Figure 2.4: Sagittal section of the
lower part of a female trunk, right seg-
ment [5].

Figure 2.5: Schematic representa-
tion of the female reproductive or-
gan in the coronal plane [6].

2.1.3 Hysterectomy

A hysterectomy is a procedure where the uterus of a woman is partially or
fully removed. The uterus is a hollow, thick-walled, muscular organ which is
situated deeply in the pelvic cavity between the bladder and the rectum, as
can be seen in figure 2.4. It measures about 75 mm in length, 50 mm in width,
at its upper part, and nearly 25 mm in thickness. When healthy it weighs
on average 30 to 40 gram [5], but due to a number of reasons it can grow
up to weights over 750g [30]. When no other medical options are available,
either a full or a partial hysterectomy is required. In a full hysterectomy the
total uterus is removed and in a partial removal procedure only the part of
the uterus lying above the cervix is removed. This partial removal procedure
is called a supracervical hysterectomy, where the cervix is the lower narrow
portion of the uterus where it joins with the top end of the vagina, as seen
in figure 2.5.

Reasons why women need to undergo a hysterectomy are various. They
include cancer, uterine leiomyoma (i.e. fibroid tumors of the uterus), in-
flammatory disease of the female pelvic organs, endometriosis (a condition
where endometrial-like cells, which line the uterine cavity, flourish some-
where outside of this area), genital prolapsed (a portion of the vaginal canal
protruding from the opening of the vagina), endometrial cystic hyperplasis
(excessive increase of the cells of the endometrium), carcinoma in situ of
female genitourinary system (a type of malignant tumor), pain and other
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symptoms associated with female genital organs, disorders of menstruation
and abnormal bleeding from the female genital tract [31].

There are several types of hysterectomies, which all have their laparo-
scopic equivalents. In 2004 the most often performed procedure was the
Total Abdominal Hysterectomy (TAH), which is performed as shown in Fig-
ure 2.1. The uterus can be easily dissected and wholly removed, without
any need to reduce the uterus in size. The laparoscopic equivalent of this
procedure is the Total Laparoscopic Hysterectomy (TLH). In this case the
size of the uterus is very important, and there are several ways in which
the uterus can be removed. One of them is by using a morcellator but,
should the disconnected uterus be able to pass through the vagina, then the
transvaginal approach is preferred due to it being less invasive. In such a
procedure the uterus is disconnected from the body below the cervix from
the inside of the vagina. Subsequently the uterus is pulled through the vagi-
nal cavity to remove it. This procedure, being done without laparoscopy,
is called a Vaginal Hysterectomy (VH). The laparoscopic equivalent is the
Laparoscopic-Assisted Vaginal Hysterectomy (LAVH), where with the help
of laparoscopy the uterus is disconnected from the body. Whether VH or
LAVH is chosen depends on the mobility and size of the uterus, the vagi-
nal canal, the patient’s previous surgical history and state of health, etc. It
should be noted that if the uterus is too large to pass through the vagina it
may also first be partially debulked or morcellated and the remaining mass
removed vaginally. This would then be a combined procedure of TLH and
LAVH, which is faster than only a TLH.

If the patient wishes to retain her cervix, the procedure needs to be ac-
complished supracervically. For this there are several options. The abdom-
inal approach is named a Supracervical Abdominal Hysterectomy (SAH).
The laparoscopic equivalent of this procedure is the Laparoscopic-Assisted
Supracervical Hysterectomy (LASH). In the abdominal approach, just like
in the TAH, the surgeon is easily able to dissect and remove the part of
the uterus lying above the cervix through a laparotomy incision. Yet in the
laparoscopic procedure a problem comes into play. This problem is that tis-
sue can no longer be removed through the vaginal canal, because the cervix
blocks this pathway (due to the cervix being the lower narrow portion of
the uterus, see figure 2.5). In order to still use the vaginal canal as removal
pathway, the surgeon can choose to do a colpotomy (incision in the vagina)
or a culdotomy [32] (an incision in the rectouterine pouch), which are inci-
sions to access the vaginal canal and enable the tissue to be removed. The
dimensions of the tissue mass or masses are the limiting factors in this case,
as one can only pass tissue through such an incision of a limited size. If the
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surgeon does not choose to use such an incision, then a morcellator can be
applied to locally debulk the tissue mass and transport it up through the in-
strument. Such an instrument sounds ideal but has disadvantages to it with
respect to efficiency and safety, which make surgeons at times prefer choosing
other removal routes which are faster and they are more comfortable with.
Sometimes surgeons choose to place the supracervically resected uterus in
an endoscopic bag, and extract the bag with the uterus intact through an
extended keyhole incision. This might not be considered a minimal invasive
procedure any more at this point (because the minimal incision is enlarged),
and become more of a combination between the laparoscopic and abdomi-
nal approach. The efficiency of a morcellator is thus of great importance to
prevent this approach from being needed.

There is also a third option to the supracervical approach, which is called
a Classic Intrafascial Supracervical Hysterectomy (CISH) [33, 34]. This is a
combined vaginal and laparoscopic procedure. The vaginal cavity is cored
out, thereby removing the endometrial lining of the vagina, including the
inner cervix. A circular rim of muscle remains with all the attachments to
that rim. Through laparoscopy the uterus is approached and separated above
the cervix (the cervix itself is tied shut), and is subsequently morcellated.
This procedure removes the chance at developing cancer, which is inherent
when retaining the cervix.

In table 2.1 an overview is given of the different hysterectomy procedures
and their laparoscopic equivalents.

Table 2.1: Overview of types of hysterectomy procedures and their laparo-
scopic equivalents

Traditional abbr.
Laparoscopic equivalent
(minimal incisions)

abbr.

Total Abdominal Hys-
terectomy

TAH Total Laparoscopic Hysterec-
tomy

TLH

Vaginal Hysterectomy VH Laparoscopic-Assisted Vaginal
Hysterectomy

LAVH

Supracervical
Abdominal
Hysterectomy

SAH

Laparoscopic-Assisted Suprac-
ervical Hysterectomy

LASH

Classic Intrafascial Supracer-
vical Hysterectomy

CISH
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Hysterectomy trends

Hysterectomies are one of the most common performed procedures on women
today. Approximately 600.000 hysterectomies are performed each year in
the U.S. [35]. Lepine et al. [36] investigated the hysterectomy rate for the
years 1980 to 1993, and found that more than one fourth of the female U.S.
population had undergone this procedure by the time they were 60 years of
age. The average annual rate was 5.5 per 1000 women, where specifically
women aged 40-44 years, with a rate of 12.9 per 1000 women, were most
likely to have the procedure. Furthermore, they noticed an increase in vaginal
hysterectomy with concomitant laparoscopy starting in the 1980s at 1% to
1993 at 14.2%. In approximately the same period, Vessey et al. (1992) [37]
reported an estimated hysterectomy rate of about 20% by the age of 55 for the
United Kingdom. They also found a strong influence of parity (the number
of times a woman has given birth) and a rise in the rates with calendar time
at ages 30-39 for those undergoing hysterectomy for menstrual disturbances
or cancer.

Keshavarz et al. [35] reported an identical overall hysterectomy rate for
U.S. female civilian residents of 5.5 per 1000 women from 1994 till 1999.
Women aged 40-44 years of age remained having a significantly higher hys-
terectomy rate (11.7 per 1000 women) compared with any other age group.
The proportion of all vaginal hysterectomies with concomitant laparoscopy
(LAVH) further increased significantly from 13% in 1994 to 28% in 1999.

Whiteman et al. [38] continued the study on hysterectomy trends from
2000 to 2004. The overall hysterectomy rate during the 5 year period was
5.4 per 1000 women per year. The rate was again the highest among women
aged 40-44 years with 12.5 per 1000. As in the previous decade, during the
study period, approximately two-thirds of hysterectomies were performed ab-
dominally and one-third was performed vaginally. The proportion of vaginal
hysterectomies with concomitant laparoscopy remained unchanged at about
30%. This suggests stabilization of the increasing trend of the 1990s. Several
factors may contribute to this observed stabilization of the national trend.
The procedures may more often be performed in outpatient settings (which
are not incorporated in the trend study). Yet it is also possible that newer
laparoscopic approaches (e.g. LASH, TLH) are being used instead of LAVH.
Additionally, the use of LAVH may have declined after studies have sug-
gested its advantages may be limited; even though LAVH can reduce length
of stay and recovery time when an abdominal approach would otherwise be
needed, it may do so at the expense of potentially longer intraoperative time,
increased in-hospital charges, and higher costs. This possibility is especially
important because it would indicate that a reduced costs and shorter surgery
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time would bring about an increase in laparoscopy rates. Finally, the num-
ber of physicians trained to perform LAVH may also have stabilized over the
time period.

In Table 2.2 an overview is given of the above described data and some
additional information regarding hysterectomies over the years. Take special
notice at the significant rise in percentage of procedures done laparoscopi-
cally.

Table 2.2: Comparison hysterectomy surveillance data from 1988 till 2004

Period 1988-1993∗ 1994-1999 2000-2004
Article Lepine [36] Keshavarz [35] Whiteman [38]
Average hysterectomies per year 558.490 587.540 626.200
Average rate per 1000 women 5.5 5.5 5.4
Rate per 1000 women: age 40-44 12.9 11.7 12.5∗∗

Abdominal hysterectomy [%] 73 72∗∗ 67.9∗∗

Vaginal hysterectomy [%] 26 27∗∗ 32.1
Percentage of vag. hysterectomies
with concomitant laparoscopy

1980s: 1%
1993: 14.2%

1999: 28% 2004: 32.4%

*Period 1980-1987 has not been incorporated in the table due to a redesign of the National Hospital
Discharge Survey (NHDS) in 1988, thereby influencing objective comparisons.

** Data manually extracted and averaged from graph in the paper, and thus subject to reading error.

Limiting factors and procedure comparisons

The size of the uterus in all the above mentioned procedures is of key im-
portance in choosing the preferred route for removal. In history, the first
hysterectomies performed were abdominal procedures (either total or suprac-
ervical). Later on, the vaginal approach was introduced. This method though
was often not a viable replacement for the TAH due to contraindications such
as a uterine size larger than the vaginal channel (according to Kovac et al
(1995) [39] if uterine mass > 280g), previous pelvic surgery (e.g. cesarean
section, myomectomy, or adnexal surgery), history of pelvic inflammatory
disease, moderate or severe endometriosis, concomitant adnexal mass or in-
dication for adnexectomy (excision of the one or both of the Fallopian tubes
with ovary), and nulliparity (never having given birth) with lack of uterine
descent and limited vaginal access. [40]

With the introduction of laparoscopy these procedures gained alterna-
tives, as shown in table 2.1, with several benefits. These benefits were (and
still are) very much dependent on the size of the uterus and also the expe-
rience of the surgeon, because increased uterine size leads to an increase in
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procedural complexity and a need for excellent surgeon dexterity. Many sur-
geons thus researched to what extend laparoscopic procedures were superior
to the traditional methods.

According to Marana et al. (1999) [40], LAVH could replace TAH in
most patients who require a hysterectomy and had contraindications to VH.
And according to Bojahr et al, when comparing LAVH with TAH and VH,
(1995) [41] it was seen that patients after TAH needed more and longer anal-
gesics. The lowest perioperative morbidity was found in the LAVH group.
Furthermore, in cases with enlarged uteri the high blood losses which accom-
panied the vaginal hysterectomies could significantly be reduced with LAVH.
In terms of patient’s age, parity, preoperative hemoglobin levels (measure of
oxygen carrying capacity of the red blood cells), mean uterine weight, and to-
tal operating time between LAVH and TAH groups, Marana et al. (1999) [40]
found no differences. But they did observe that estimated blood losses and
postoperative day 1 hemoglobin drop were significantly lower for LAVH than
for TAH. Moreover, significant lower postoperative pain and shorter hospital
stay was seen for LAVH than for TAH. Ferrari et al. (2000) [42] found that
compared with TAH, LAVH is advantageous in removing uteri weighing ≤
500g, with comparable operating time, less post-operative pain and shorter
recovery time. Among uteri weighing > 500g, LAVH showed a shorter re-
covery but longer operating time than TAH and a 27% rate of conversion to
laparotomy. Lastly, Erian et al. (2008) [43] advocated that LASH was,
especially for women suffering from menorrhagia (abnormally heavy and
prolonged menstrual periods), a safe and effective procedure, and Sarmini
(2005) [44] confirmed the procedures superiority in patient advantages com-
pared to TAH.

After research there was (and still is) thus a general consensus that LAVH
can replace TAH and even VH should contraindications to this procedure be
present. It should be stressed here that LAVH is still by no means intended
though to replace the cheaper, shorter and safer vaginal hysterectomy when
conditions of adequate vaginal access and uterine mobility are present [45].

Despite all the advantages which laparoscopy brings to the field, Wu et
al. (2007) [46] found that vaginal laparoscopic hysterectomies in 2003 in the
U.S. remained far less common than abdominal hysterectomies for benign
diseases. Out of all patients, 66% had a TAH (with most common diagnosis
a fibroid uterus (46%)), and 22% had a VH (with most common diagnosis
uterine prolapse (44%)). Only 12% had a laparoscopic procedure. This is
due to the fact that laparoscopic hysterectomy requires specialized training
and equipment and gives potentially longer operating time. This is especially
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true for unusually large uteri.

Investigating oversized uteri, Hillis et al. (1996) [47] and Unger et al.
(1999) [48] demonstrated an increased risk of blood transfusion and at least
one operative complication during hysterectomy in patients with uteri >500g.
Chang et al. (2008) [30] investigated LAVH on large uteri more in depth.
They subdivided groups into uterine sizes; medium uteri weighing 350-749g,
large uteri weighing ≥750g. They found no significant difference in terms of
age, body mass index, preoperative diagnoses, complications and duration
of hospital stay among groups. But the operative time and estimated blood
loss increased with large uterine size, as one would expect. These findings
have also been confirmed by Salmanli et al. (1999) [45] and Wang et al.
(2003) [49], and are the main reasons for surgeons to prefer TAH in many
occasions. More researches have been done on successful hysterectomies on
enlarged uteri for the TLH procedure [50], LAVH procedure [49, 51, 52] and
the LASH procedure [53–56]. Chang et al. [30] concluded, in line with the
findings of Unger et al. (1999) [48], that by using various combinations of
special strategies, most experienced gynecologic surgeons can conduct LAVH
for most large uteri with minimal rates of complications and conversion to la-
parotomy. Moreover, at the vaginal phase of hysterectomy, the bulky uterus
usually has to be reduced in size in order for it to be extracted through the
vaginal canal. This is especially true for women with narrow vaginal capac-
ities, such as a nullipara or a morbidly obese woman. The knowledge that,
for example, the uterus contains extremely bulky myomas means that mor-
cellation will probably have to be employed and time should not be wasted
in attempting to deliver the uterus in one piece. Also, the surgeon must have
patience when morcellating the uterus vaginally because it typically takes
approximately one hour. [57]

In conclusion, morcellation in LAVH and TLH can be performed vaginally
or through one of the incisions used as a trocar port. At LASH or CISH,
a morcellator is always applied through the incision of a trocar, unless the
surgeon judges the mass able to be removed through a colpotomy or a culdo-
tomy, or an abdominal incision is used for intact extraction. The duration of
the procedure is for a large part dependent on the size of the uterus and the
morcellationspeed and -time. In a laparoscopic procedure, time is one of the
main indications for surgeons to choose for the abdominal approach if the
vaginal route is contraindicated. It follows that the morcellator is one of the
key instruments where time gain can be accomplished with improvements on
the device’s efficiency.
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Figure 2.6: Trocar placement [2]. Figure 2.7: Abdominal arteries [2].

Total Laparoscopic Hysterectomy (TLH)

The indications for (laparoscopic) hysterectomy have already been discussed
at the beginning of this chapter. Choosing the laparoscopic approach al-
lows the surgeon not only to better visualize the pelvic anatomy, but also
to perform procedures that cannot be adequately accomplished via the vagi-
nal approach. (e.g. extensive adhesiolysis, safe and secure ligation of the
infundibulopelvic ligaments, etc.) [2]. In the following section the relevant
parts of a TLH procedure will be described followed by various methods of
uterine tissue removal, as discussed in A Practical Manual of Laparoscopy
and Minimally Invasive Gynecology, A Clinical Cookbook Second Edition by
Resad P. Pasic and Ronald L. Levine [2].

The procedure starts (after the patient and the OR equipment is pre-
pared) by insufflating the abdomen with a Veress needle, through the umbil-
ical area, to 20-25mmHg. Following, the trocars are placed, their locations
depending on the preference of the surgeon. Often a 10-12mm trocar is placed
through a vertical intraumbilical incision. Four additional 5mm trocars are
then placed into the peritoneal cavity, see figure 2.6. The lower pair are
placed lateral to the inferior epigastric vessels (see figure 2.7), slightly above
the pubis. The upper pair are placed lateral to the abdominal rectus muscles
at a level slightly inferior to the umbilicus. Once all trocars are in place, the
pressure is lowered to 14-15mmHg. The view afforded to the surgeon can be
seen in figure 2.8, with the important anatomy highlighted in figure 2.9.

The surgeon follows by identifying and dissecting the ureters (the mus-
cular tubes that propel urine from the kidneys to the urinary bladder) to
the level of the ureteric canal. Next, if the women desires the removal of the
ovaries, the infundibulopelvic ligaments, i.e. the suspensory ligaments of the
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Figure 2.8: Laparosacopic view af-
forded to the surgeon [2].

Figure 2.9: Anatomy as seen
through the laparoscope [2].

ovaries, are secured. If the ovaries are to be preserved, the uterine-ovarian
ligaments and Fallopian tubes are suture ligated medial to the ovary. Fol-
lowing, the bladder flap is created by dissection of the bladder and ureters
away from the uterus and the cervix. The round ligaments of the uterus
are then secured, followed by the uterine arteries. Once this is all accom-
plished, the uterus should be fully disconnected from its surroundings and
only still be attached through the cervix to the body. Now the uterus can be
resected from the body, either supracervically for a LASH or fully at a TLH.
Note that if the cervix is not retained, and the uterus is being resected, gas
leaks rapidly from the peritoneal cavity unless the vaginal canal is occluded
with, for example, a surgical glove. Once the uterus is fully detached from
the body, it needs to be removed, either vaginally, abdominally, or through a
minimal incision. The procedures ends with closing the vaginal cuff, checking
the peritoneal cavity to ensure hemostasis, removing the medical instruments
and trocars, and suturing the minimal incisions.

When the uterine mass needs to be removed in a TLH, there are several
methods. Should the uterus be small enough to fit through the vaginal canal,
then this route is the easiest to use because it allows for intact extraction. But
if its size is too large, it will not fit through the vagina, and thus alternatives
are needed. Using an abdominal incision is an option, but would compromise
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the minimally invasive procedure. Therefore morcellation was invented. Not
the full uterus needs to be morcellated at a TLH, but merely enough to
ultimately allow for vaginal extraction of the remaining mass. To this end,
there are several endoscopic morcellation methods, which will be discussed
next.

2.2 Working principles of endoscopic morcel-

lation

A literature study has been performed to compare all previous, current and
experimental abdominally applied morcellators [23,58]. In table 2.3, all mor-
cellator aspects are given which have been found to define a morcellators
working principle. In the table thereafter, table 2.4, these aspects are com-
bined to find all the tested working principles found in literature. The mor-
cellators which have been commercially available, either in the past or cur-
rently, are also given in the table. Following, all the working principles will
be discussed one by one.

Motor coring

Motor coring entails the coring of a tissue mass by pulling it through a circu-
lar rapid rotating blade. This is accomplished by first placing a laparoscopic
grasper through the morcellator tube. This grasper engages the tissue, as de-
picted in figure 2.10. The tissue mass may be stabilized by a second grasper,
but this is not a necessity. The blade, which is located at the distal end of the
morcellator tube, is then activated while simultaneously drawing the grasped
tissue into the blade. This is shown in figure 2.11. In this manner, cylindrical
tissue strips are cored out of the tissue mass. The length of such a strip is
equal or smaller than the width of the tissue mass (which is the maximum
possible length). The tissue mass may prematurely tear off the strip due
to rotational movement being transfered from the blade to the tissue mass,
thereby rotating the mass and creating torsion along the length of the tissue
strip. The size and shape of the tissue mass may also prematurely (or acci-
dentally) sever the tissue strip from the main mass. Once a strip is severed,
it is further drawn through and out the tube with the grasper, and disposed
in a container. The grasper is then reinserted through the morcellator, and
the process is repeated until all the tissue mass is removed.
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Table 2.3: All morcellator aspects found in literature which define a morcel-
lators working principle [23].

[A] Engaging
tissue

[B] Power
supply

[C] Debulk-
ing method

[D] Trans-
port method

[E] Bag en-
vironment

1. manually
(graspers, etc.)
2. underpres-
sure / suction

1. motorized
2. electro-
surgery
3. handdriven
4. waterpres-
sure

1. coring
2. peeling
3. nibbling
4. shaving
5. waterjet
6. cutting/
tearing

1. minimal
incision
2. vaginal ex-
traction

1. no bag
used
2. dry
3. wet

Table 2.4: Morcellator working principles defined by their individual func-
tional aspects from table 2.3 [23].

Medical
field

Working
principle

Aspect numbers Devices Refs

Gynecology

motor coring A1 B1 C1 D1 E1
Gynecare X-TRACT [59,60]
Sawalhe [61]
Storz Steiner [15,16,62,63]

motor peeling A1 B1 C2 D1 E1
Gynecare Morcellex [64,65]
Rotocut G1 [61,65]
Morce Power Plus [64]

manual coring A1 B3 C1 D1 E1 Wisap [62]

electrocoring A1 B2 C1 D1 E1 PKS PlasmaSORD [?]

manual + vag.
extraction

A1 B3 C6 D2 E1
Chardonnens morcel-
lation knife

[66]

Urology

motor nibbling A2 B1 C3 D1 E3 Coherent EPM∗∗ [16, 67]

suction coring A2 B1 C1 D1 E2/3
Cook HSEL
morcellator∗∗∗

[16]

manual + port
extraction

A1 B3 C6 D1 E2
Ring forceps or other
manual instruments

[12,67,68]

Experimental
suction shaving A2 B1 C4 D1 E3

Dionics power shave
blade

[11,69]

water jet mor-
cellation

A2 B4 C5 D1 E3 HydroCision [12]

*Note: B2 is not used in the table because there is only one morcellator on the market which uses
this principle. And this morcellator is untested. Additionally, there are also patents which use electro-
surgery, but these have never been brought into practice.

**Coherent EPM = the Coherent electrical prostate morcellator.

***Cook HSEL morcellator = the Cook high-speed electrical laparoscopic morcellator.
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Figure 2.10: Motor coring, tis-
sue manipulation: engaging the tis-
sue mass with a grasper disposed
through the morcellator [2].

Figure 2.11: Motor coring, tissue
morcellation: pulling the mass into
the rapid rotating cutting blade dis-
posed at the end of the tube [2].

Manual coring

This principle is the predecessor of motor coring. It functions in an iden-
tical fashion, i.e. by coring out cylindrical strings of tissue. But where at
motor coring the blade is powered by an electric motor, this method relies
on manual actuation of the blade. It is rotated manually (usually through
some mechanism which translates a squeezing motion of the hand into ro-
tation of the blade) by the surgeon, which makes it slower and less efficient
compared to motor coring, but safer due to increased control over the blade.
This principle is no longer applied in practice.

Motor peeling

Motor peeling is currently the most applied working principle in morcellators.
It is the descendant of motor coring and functions in a similar fashion with
one significant addition. This is an overhanging blade guard over the rotating
circular blade located at the distal end of the instrument. In figure 2.12 the
Gynecare Morcellex is shown which uses this principle. The overhanging
bladeguard can clearly be seen here. This guard ensures that the device does
not core into the tissue mass (like the principle of motor coring does), but
instead keeps the mass in constant contact with the ‘peeled’-off tissue strip.
This facilitates a more continuous tissue removal. This effect is displayed
in figure 2.13. It somewhat resembles the way one would peel an apple, i.e.
the apple rotates underneath the blade. The advantage of this method is
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Figure 2.12: Gynecare Morcellex
‘motor peeling’ morcellator [7].

Figure 2.13: Principle of ‘motor
peeling’ [8].

that the maximum strip length is not limited by the width of the main tissue
mass. Instead, the strip length is solely limited by the level of control one
has over the mass. As long as this mass is slowly rotating underneath the
blade to facilitate the peeling effect, the morcellation goes smoothly. The
method was first thought of by Kresch et al. [59] where they described that
they had “developed a special morcellation technique to increase efficacy:
tissue is angled so a fraction of the cutter diameter was in active contact
with it. This kept the morcellator edge in view at all times and helped guide
the cutting action along the surface of the tissue, as opposed to coring.”
This angled approach is now forced due to the overhanging edge over the
cutting blade making a continuous morcellation process easier. Note that
the process is not fully continuous though, because once a tissue strip is
disconnected from the main tissue mass, it still needs to be removed from
the morcellator tube together with the grasper. This strip is then disposed in
a container, and the grasper reinserted to again engage the tissue mass and
continue morcellation. Once again one sees in figure 2.13 a second grasper
stabilizing the mass which increases the amount of control over the mass.
Because, just as with motor peeling, rotational movement of the blade is at
times transfered to the mass, making it spin and tear off the tissue strip. Yet
in practice this grasper is often omitted.

Electro coring

Making use of bipolar electrosurgery, the PKS PlasmaSORD (SORD = Solid
Object Removal Device) has been created by Olympus. Instead of a rotating
blade, like in the motor coring and motor peeling instruments, this device has
a circular active electrode at its distal tip which functions as the dissecting
element of the instrument. The grasper functions as the return electrode.
This method of electro coring does not peel tissue like the motor peeling
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principle, but instead cores the tissue. While doing so, the tissue is not
subject to the disadvantage present at both the motor coring and peeling
instruments; i.e. the tissue does not spin due to transfered rotations to the
tissue mass. A disadvantage to this method though is smoke production.
More information on this dissection principle, and its inherent benefits and
disadvantages, is given in the design chapter (Ch. 5) [70–72].

Manual morcellation with vaginal extraction

Figure 2.14: Manual morcellation
with a laparoscopic scissor.

Manual morcellation refers to using
a knife or other surgical tools to di-
vide the tissue mass up into multiple
smaller pieces. An example of such an
instrument is the Chardonnens Morcel-
lation knife [73], which is a minimally
invasive retractable scalpel blade. To
cut with this method, the tissue mass
needs to be optimally presented to the
surgeon by an assistant. Preferably
tension is put on the mass with two
graspers where the knife is cutting in
the middle [66]. A schematic represen-
tation of this process is seen in figure
2.14, where instead of a scalpel, a la-
paroscopic scissor is applied. Through
a culdotomy or colpotomy, which is an incision in the cul-de-sac or the vagina
respectively, the debulked tissue pieces can be removed through the vaginal
canal. This incision needs to be closed after tissue removal, and the tissue
size which can be removed depends on the length of the incision. The main
differences of this method with that of the morcellators which function with
an electric motor is that the debulking process and the removal process are
separate. First the debulking process takes place, and the separate pieces are
placed in the cul-de-sac (a.k.a. pouch of Douglas), and only after this has
been fully accomplished the pieces are all removed together. A schematic
representation of this process is shown in figures 2.15 and 2.16 [2].

Manual morcellation with port extraction

If the vaginal canal is blocked by the cervix, and the surgeon does not wish
to apply a culdotomy or colpotomy, then the only two remaining options
are an abdominal incision, which compromises the minimal invasive char-
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Figure 2.15: Vaginally inserted ring
forceps and a rectal probe aid in
identifying the posterior cul-de-sac
where a culdotomy incision is made
with a laparoscopic scissor [2].

Figure 2.16: Tissue mass is re-
moved through the culdotomy inci-
sion which the help of ring forceps.
Afterwards, the culdotomy incision
is sutured closed [2].

acter of the procedure, or manual debulking through the minimal incision.
Both the method of morcellation and tissue extraction in this second option
are significantly different from the principle of ‘manual morcellation with
vaginal extraction’. The principle relies on first introducing an endoscopic
bag into the abdominal cavity into which the (from its surroundings dis-
connected) tissue is placed. There are several of these bags available on
the market (EndoCatch [74], LapSac [75] and Endopouch retriever [76]).

Figure 2.17: Manual morcellation
through the mouth of an endoscopic
bag with tissue entrapped inside [2].

Some of them are thin, but have sys-
tems incorporated in them to easily in-
traabdominally open the mouth of the
bag, and others can withstand higher
pressures, but don’t have such a sys-
tem. Usually for this principle of tis-
sue extraction a stronger bag is chosen
(e.g. LapSac). Once the tissue is in
place, the mouth of the bag is exteri-
orized through one of the minimal in-
cisions (note: the trocar is removed).
The mouth of the bag is thus outside
the patient, and the rest of the bag
with the tissue entrapped therein in-
side. In this way the surgeon can di-
rectly access the tissue with any num-
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Figure 2.18: Coherent EPM. Work-
ing principle: motor nibbling [9].

Figure 2.19: Cook HSEL. Working
principle: suction coring [10].

ber of surgical instruments. By manual
tearing and twisting, tissue can be debulked from the mass and be directly
removed. When the remaining mass is judged small enough to fit through
the small incision together with the bag, they are removed together. This
principle of tissue extraction is never used for hysterectomy procedures, but
is a standard procedure at nephrectomies (kidney removal), where the tissue
to be removed is relatively brittle and easily tearable. In figure 2.17 this
method is shown.

Motor nibbling

Motor nibbling is only used on the field of urology, at intravesical morcellation
and extraction of prostatic tissue after holmium laser transurethral prosta-
tectomy. The instrument relying on this principle is the Coherent electrical
prostate morcellator (EPM). It is an electromechanical device which holds a
likeness to biopsy devices. It morcellates tissue through an inner cutter con-
tinuously sliding back and forth across an opening in the outer tube, thereby
‘nibbling’ small chunks of tissue from the main mass. Through suction the
tissue is drawn to the mouth of the instrument, located along the side of the
distal tip. This process is schematically shown in figure 2.18.

Suction coring

The principle of suction coring is only used in urology. The instrument using
it is called the Cook high-speed electrical laparoscopic (HSEL) morcellator
and is used at renal morcellation of malignant tissue. Suction is used to
draw tissue into the mouth of the instrument. Inside the morcellation tube,
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Figure 2.20: Dionics shaver blade.
Working principle: suction shaving
[11].

Figure 2.21: Hydrocision. Work-
ing principle: waterjet morcellation
[12].

at its distal end, a circular cutting blade (somewhat similar to the blade used
at motor coring) is located, as shown in figure 2.19. This blade is recessed
inside the instrument, and thus never in direct contact with the outside
environment. Through suction, tissue is drawn in and subsequently, through
motions applied by the surgeon to the distal end of the device, the drawn-in
tissue is brought into contact with the blade. Because the blade is covered,
the instrument can be used inside an endoscopic bag without perforating it.

Suction shaving

This working principle is mainly used at arthroscopic resection, i.e. minimally
invasive excision of tissue at the interior of a joint. One example of such an
instrument is the Dionics shaver blade [69]. Suction is used to draw tissue to
the tip of the instrument where a rotary shaver blade is positioned as seen in
figure 2.20. This shaver blade rotates and, due to the opposing teeth between
the inner rotating tube and the outer stationary tube, shaves off tissue which
is transported outwards through continuous fluid aspiration. Many variations
of this device exist, including a drill bit at the tip to shave the tissue mass in a
different manner. Though the working principle is functional at arthroscopy,
it has only so far been tested on the field of gynecology with a new instrument
named the Intra Uterine Morcellator (IUM). [11]

Water jet morcellation

Lastly, the principle of water jet morcellation is novel, and not yet applied in
practice [12]. Through a high-pressure jet of water, running retrograde across
a side-opening at the tip of the morcellator, the venturi effect is created which
draws tissue into the jetstream. This tissue is macerated and consequently
driven in a liquid form through the instrument to a waste container. The tip
of the instrument is depicted in figure 2.21.
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2.3 Vaginal extraction methods

Morcellation working principles, as described in the previous section, are not
the only methods of tissue debulking and removal. In a standard Vaginal
Hysterectomy (VH) the uterus is of a size small enough to be removed intact
through the vaginal canal. But if the uterus is too large, then other options
are available to the surgeon beside choosing for a LAVH procedure or using a
morcellation instrument. The working principle of ‘manual morcellation with
vaginal extraction’ has already been discussed, but there are several cutting
techniques used in order to vaginally debulk the uterus for vaginal removal.
These shall be discussed here in short.

Bisection

Simply stated, bisection is dividing the uterus in half. It is meant as a size
reduction technique, in order to remove the seperate uterus parts vaginally.
This technique is often accompanied with myomectomy (i.e. the removal
of myoma’s) and myometrial coring (see next section). When using this
method, first the uterus is amputated from its surroundings (note: including
cervix), and pulled partially outwards through the vaginal tract. Then, due
to the size of the uterus, a bisection incision is made, accomplished with a
cold knife, directed sagitally from the cervix towards the fundus (i.e. the
top of the uterus). Repeated repositioning of the uterus and relocation of
the vulsella (forceps with clawlike hooks), which keep the uterus clamped
and the incision under sidewards traction, allows the surgeon to perform a
complete bisection. At times, rotation of the cervical portion of the uterus
under the pubic arch, may be necessary to obtain adequate uterine descend.

Transcervical morcellation (TCM)

The article of Rosenblatt et al. (2010) [77] discusses a novel modification
of the L(A)SH procedure in which morcellation of the uterine corpus is per-
formed transvaginally after laparoscopic amputation of the uterus and coring
of the cervix. The LSH procedure is performed in standard fashion, i.e. nor-
mal complete transection of the uterine fundus from the cervical stump under
laparoscopic guidance. This is followed by the coring of the endocervix in ei-
ther of two ways; the first method is the placement of a myoma screw through
a 15.9 mm Gynecare Morcellex, which is screwed into the cervix transvagi-
nally (and laparoscopically visualised), followed by coring. This coring is
accomplished by advancing the motor peeling morcellator along the myoma
screw, thereby coring out the uterus on the inside, removing the uterine lin-
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ing. The second method is the use of a 15mm classic intrafascial supracervical
hysterectomy (CISH) instrument, called the WISAP, which is manually pow-
ered and specifically designing for intra-uterine coring. Equal to the myoma
screw guiding the Morcellex, a blunt rod is inserted to maintain the proper
axis trough the instrument and the cervix. This is followed by manual cor-
ing using clockwise and counterclockwise motions. The Morcellex and the
WISAP thus accomplishing the same thing, i.e. (myometrial) coring of the
inside of the uterus. When coring of the endocervix is complete, a morcella-
tor (Rosenblatt et al. used the Morcellex) is advanced (transvaginally) into
the pelvic cavity for removal of the uterus. Morcellation is performed using
a 10-mm tenaculum placed through the morcellator. The laparoscopic assis-
tant orients the specimen for the tenaculum in such a manner as to maintain
the morcellator blade on the outer surface of the uterine corpus. Using the
”core-guard” lip on the morcellator also facilitates this process. When the
specimen has been completely removed, the defect in the cervix is closed to
prevent herniation of bowel or adnexa through the cervix.

Vaginal “Paper Roll uterine morcellation technique

In 2010, Wong et al. [13] described a procedure which they named the vagi-
nal “paper roll” uterine morcellation technique. This method enables the
removal of a large uterus in 1 piece by first performing transection and am-
putation of the uterus in standard LAVH fashion, followed by their novel
paper roll technique, which shortly summarized is a helical cutting technique
with simultaneously pulling the reshaped uterus through the vaginal canal.

The following quote, obtained from the article, states the process in de-
tail: “a laparoscopic-assisted vaginal hysterectomy or laparoscopic hysterec-
tomy was performed to coagulate and sever the ovarian and uterine blood
supplies to the uterus. Next a vaginal Doyen retractor was inserted to retract
the posterior vaginal wall and to protect it and the rectum from injury. Two
small Heaney retractors were placed at the 2- and 10-oclock positions over
the vaginal wall to retract it anteriorly to protect the vagina, the bladder, and
the urethra during the procedure. Two large vulsellum forceps were used to
grasp and hold the cervix at the cervical lips and to maintain traction force
away from the pelvis (see figure 2.22). A No. 10 sharp scalpel on a long
handle was used to cut into the enlarged uterus. The initial step was to apply
traction to lift the cervix up and slightly to the left to expose the lowermost
site in preparation for the incision. The incision was started at the 6-oclock
position, and continued upward in a counterclockwise direction while remov-
ing as much uterine tissue as possible during the cut. The incision should
be directed to end almost at the Heaney retractor on the left side. During
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Figure 2.22: Heaney retractors posi-
tioned over the vaginal wall to pro-
tect the vagina, bladder, and ure-
thra. Vulsellum forceps hold the
cervix and maintain traction away
from the pelvis [13].

Figure 2.23: View of 2- to 2.5-cm di-
ameter avascular incised uterine tis-
sue under traction at the time of the
cut [13].

incision, the cervix should be placed under traction and simultaneously ro-
tated toward the floor while keeping it slightly to the left so that a clear view
of the incision and the freshly presented tissues is present at all times. A
minor degree of constant clockwise rotation of the specimen should be applied
at the same time as the cervix is drawn toward the floor. While keeping 2.0
to 2.5 cm of tubular incised tissue from along the cervix under traction at the
time of the cut, the remaining portion of the uterus within the pelvis should
simultaneously be rolled forward like a paper roll (see figure 2.23). Care is
needed to avert injury to the exposed vaginal wall. The 2 anterior retractors
and the posterior vaginal Doyan retractor protect the vagina and prevent any
accidental cuts in the vaginal wall. All cuts were made using a sharp cold
knife under direct vision. [...] Occasionally, the uterus seemed to be fixed and
failed to rotate or advance further, possibly due either to its large size, the
presence of a very large myoma, or an unyielding remaining uterus with an
irregular configuration. In such instances, the uterus was pushed back into
the pelvis and rotated clockwise, either manually or with a pair of teneculum
forceps, so that it could be repositioned as a paper roll; further rolling down
was then possible, and additional cutting could be performed under direct vi-
sion. This maneuver enabled the remaining uterus to fall into the available
space in the pelvis and allowed further uterine descent and subsequent mor-
cellation under direct vision. Fresh uterine tissue should roll out and can be
grasped with the forceps and pulled out from the pelvis. It is then possible
to remove the entire uterus in 1 piece regardless of its size, giving the result
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Figure 2.24: Left, a large uterus was delivered as a long tubular specimen,
using the paper roll morcellation technique. Right, the tubular specimen can
be reconstructed into a whole piece . (Cited from Wong et al., 2010, [13]

shown in figure 2.24.”

Though this technique is effective, it is not novel. In 2004, Yue-Shan
Lin [14] described a similar helical incision technique for removal of large
uteri. Similarly, first complete uterine amputation was performed in the
standard LAVH fashion. This was followed by the helical uterine incision
on the detached large uteri, which could not be directly retracted vaginally.
The cervix was drawn forward with two singletoothed tenaculum forceps,
and the cut edge of the vaginal wall was pushed inside with two wide blade
retractors. A curved clockwise incision was made along the deepest anterior
uterine wall from 10 to 6 o’clock direction, and a half thickness of the uterine
tissue was incised. Then the uterus was pushed inward a little and rotated
clockwise again until the left cut edge of the uterus approached the right
angle of the vaginal cuff. Then, the uterus was drawn forward again, and the
incision procedure repeated until the whole uterus was completely extracted.
The incised uterus had a helical structure, which was easily restored to orig-
inal uterine shape for pathological examination. An example of the excised
tissue can be seen in figure 2.25. The author noted that in his experience,
uteri larger than 300g were hard to pull out through the vagina without any
incision. However, using the helical incision technique, extraction of uteri
larger than 300g through the vagina was performed easily.
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Figure 2.25: Excises uterus after helical incision procedure [14].

To summarize, there are thus several cutting techniques to reduced and/
or reshape the uterus to allow for transvaginal removal. The time involved
in these processes are on par with those of morcellators, and thus these cut-
ting techniques are not superior to standard morcellation instruments, but
merely viable alternatives. It depends on the patients health (read: presence
of contraindications to vaginal hysterectomy) and the surgeons preference
and experience whether one of these cutting methods or a morcellation in-
struments is utilized.
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Chapter 3

Method

In this chapter the methodology is discussed. This encompasses the criteria
to which a novel morcellator should adhere, the method used in designing
the new instrument and the manner in which the new morcellator is tested
in comparison to currently available morcellators.

3.1 Criteria

The design of a new morcellator is subject to various criteria. These are
shown in table 3.1. The quantities which accompany these criteria have also
already been added to this table, but are not discussed in depth until the
chapter on morcellator functionality (chapter 4).

The first two items relate to the accessibility of the uterus through the
vaginal canal and its shape and size. Contraindications for vaginal hysterec-
tomy include a uterine weight > 280g (12 weeks of gestation) [78,79], adnexal
masses, the need for salpingo oophorectomy, previous pelvic surgery, lack of
uterine accessibility and mobility, or severe pelvic disease [42]. Those indica-
tions which influence the diameter of the vaginal canal, directly influence the
allowable diameter of the instrument. And the other factors state the size
and shape of the uterus which the instruments needs to be able to handle
(with standard laparoscopic support).

The third item relates to the functional speed of the morcellator, defined
in grams per minute (g/min). In a recent performed literature study [23],
the morcellation rates of various morcellators were determined and compared
from data presented in literature. The motor peeling working principle, the
fastest and most commonly used principle on the market (see section 2.2),
has according to literature a speed ranging between 25 and 40g/min. A
newly developed morcellator thus needs to function at an equal speed or
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Table 3.1: Criteria for the design of a novel morcellator

Criteria Quantified
1. Function through the vaginal canal (also when con-

traindications are present for taking the vaginal
route).

device �30mm

2. Able to debulk a uterus of any size and shape which
cannot be removed through standard VH

muterus ≥ 300g

3
. Debulk tissue and transport tissue away at a rate

on par with current morcellators
PMR ≥ 20g/min
MCR ≥ 40g/min

4. The morcellated tissue needs to be histologically in-
terpretable

mtissuepiece ≥ 3g

5. Minimal morcellation time to reduce total procedure
time

fmorce ≤ 0.05

6. Minimal downtime, which is the time lost in the mor-
cellation process with the morcellator is neither mor-
cellator nor transporting tissue away.

tdt ≤ 80% of tmorce

7. Allow visualization of the debulking process -
8. Stationary debulking. The morcellator should not

have to move in order to debulk.
-

9. If possible, function as access port for introducing
and removing surgical devices (e.g. mesh, suture
needles, etc.)

device �30mm

10. Function in a forced pneumoperitorium, i.e. the in-
flated abdomen, without creating leakage

-

*IMR = Instrument Morcellation Rate; PMR = Procedure Morcellation Rate.

faster than an optimally applied motor peeling morcellator. In chapter 4 of
this thesis an in-vivo and in-vitro functionality assessment is made of the
most commonly applied motor peeling morcellator, to confirm the standard
morcellation speed. From this assessment two morcellation speeds were de-
termined; the Procedure Morcellation Rate (PMR), which is the removed
tissue mass divided by the total morcellation time, and the Morcellator Cut-
ting Rate (MCR), which is the removed mass divided by the time that the
morcellation instrument is active. From this assessment it has been deter-
mined that PMR ≥ 20g/min and MCR ≥ 40g/min for a novel morcellator.
Note that the morcellation speed not only influences the rate of debulking,
but also the rate of transport of debulked tissue out of the patient. And thus
the tissue transport speed needs to be equal to that of the debulking process.

Item number four states that the tissue needs to be histologically inter-
pretable. According to Landman et al. (2000) [80], tissue pieces of 3g a piece
(obtained with the Steiner ‘motor coring’ morcellator) were suitable in size
for both grading and possible staging of renal tumors. Even though they
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refer to renal tissue here, it is assumed that the same is valid for uterine
tissue.

The morcellation time also needs to be as short as possible, in order to
keep the total procedure time down. This is stated in item five. Taking
the morcellation time as a fraction of the total procedure time gives one the
‘morcellation time fraction’, fmorce. This is calculated as follows:

fmorce =
tmorce + tdebris + tother

tprocedure
(3.1)

where tmorce is the time spent morcellating and tdebris is the time spent clear-
ing out any remaining debris caused by the morcellation procedure. tother
is the time spent performing any actions of importance (performed by the
surgeon) before or after the morcellation procedure which does not have any
significance to the rest of procedure. These other actions can include the
assembly or disassembly of the instrument, the correct positioning of the
tissue relative to the morcellator, the addition of an endoscopic bag and
the maneuvering of tissue into it, or any other action which needs to be
taken into account with the morcellation process in order to compare the
morcellation procedure as a whole to the morcellation process of another
(standard) morcellator. At item 5, fmorce ≤ 0.20 is given which indicates
that the morcellation procedure can only take up a maximum of 20% of the
total procedure time. In the recently performed literature study [23], several
morcellation time fractions have been calculated, and ‘motor coring’ mor-
cellators have been found to have a fractionrange of f = 0.13 − 0.17 and
‘motor peeling’ morcellators have a fractionrange of f = 0.05− 0.08. These
determined fractions did not have the debris removal time included in them
though, and thus the morcellation fraction is better split into the following
equation:

fmorce = ftissue removal + firrigation&inspection + fother,where (3.2)

ftissue removal =
tmorcellation
tprocedure

, and firrigation&inspection =
tirrigation&inspection

tprocedure

For a novel morcellator, the fraction ftissue removal thus needs to be at
least equal to 0.08, and preferably lower than 0.05. The maximum allowable
fraction firrigation&inspection is 0.07, which has been determined in chapter 4.
As example, in the case that a morcellator has a high fraction and a low
procedure morcellation rate, e.g. fmorce = 0.20 and PMR = 10g/min, but a
high morcellator cutting rate, MCR ≥ 60g/min, then it is likely that either
the tissue shouldn’t have been morcellated in the first place (if for example
the tissue is laparoscopically unmanageable for the surgeon due to its size
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and shape), the morcellation instrument itself has too much downtime or too
much time was lost during irrigation and inspection of the abdomen.

The downtime in criterion number six, tdt, is the amount of time in a
morcellation process where tissue is neither debulked nor transported, and
thus basically wasted time. This can happen when a process is for example
discontinuous, as with ‘motor coring’ and ‘motor peeling’ morcellators where
debulked tissue strips need to be pulled out of the morcellator and disposed in
a container with a grasper before reinserting the grasper for continuation of
the morcellation process. This downtime needs to be kept as low as possible
to ensure optimal use of procedure time. For that reason the maximum
allowed downtime is 80% of the total morcellation time tmorce.This might
still seem like a relatively long downtime, but as will be seen in chapter 4,
the current standard downtime is in the range of 80%.

Criterion seven takes into account the surgeons need to see the debulking
process in order to ensure the safety of the patient. If there is an exposed
blade, capable of unintentionally destroying healthy tissue, then keeping a
visual on the debulking process is a necessity. However, if there is absolutely
no chance of accidental tissue damage as a result of the morcellator, i.e. the
morcellator has a very high tissue selectivity in that it only debulks tissue
which is directly presented to it, this visualization criterion can be relaxed
a little. Unexpected complications can always arise though, and thus both
good visibiliy and a high tissue selectivity are wanted features of a new
morcellator.

The eights item states that the morcellator should remain passive at all
times. In literature there is a general consensus when using a ‘motor coring’
or ‘motor peeling’ morcellator to never advance it into the abdominal cavity,
but rather draw the tissue to the cutting blade [81]. This prevents any
accidental tissue perforation with the cutting blade located at the distal
end of the instrument. The same should be true for any newly developed
morcellator. The tissue should either be drawn towards or presented to the
debulking process of the morcellator, and never the other way around.

Point nine states that, if possible, the vaginally applied morcellator should,
because of its possible diameter, have as an added function the ability to in-
troduce or remove surgical devices to and from the abdominal cavity. This
will make the introduction of a surgical mesh or suture wires more easy, and
thus add to the overall functionality of the device

Point ten is a necessity for any MIS applied instrument, i.e. be able to
function in a forced pneumoperitoneum. Leakages should always be pre-
vented.
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3.2 Measurement setup

In order to be able to compare a novel designed morcellator to other currently
available morcellators, a test setup is necessary. In literature, several mor-
cellators have already been tested by morcellating porcine kidneys in a box
setup. Parekh et al. (2000) [15] describes the testing of the Storz Steiner in a
setup as shown in figures 3.1 and 3.2. Upon testing, each session was timed,
fluid leakage from the laparoscopic bag identified, grasping of the sacks quan-
tified, and gross spillage noted. The tissues were submitted for pathologic
evaluation to quantify any differences grossly or histologically and all Lap-
sacs were inspected for gross violation and inflated to distention with fluid to
check for tiny leaks. The use of Lapsac allows one to create a custom environ-
ment (e.g. dry, gas, fluid, overpressure, etc.) but has limitations with respect
to visualization of the debulking process. The use of a such an endoscopic
bag is not principally necessary, but the box setup, with morcellation through
a 12-mm port and visualization through a laparoscope, is adequate to simu-
late the minimally invasive aspects involved at any procedure. Landman et
al. (2000) [16] used an identical setup (see figure 3.3) where they created a
custom environment in the endoscopic bag through a custom altered trocar
(see figure 3.4). They tested the Cook HSEL (high-speed electrical laparo-
scopic) morcellator, the Coherent EPM (electrical prostate morcellator) and
the Storz Steiner. Landman et al. (2003) [68] later repeated the test with
different endoscopic bags (Lapsac, EndoCatch) and tested two manual mor-
cellation techniques. Cai et al. (2003) [67] tested the Coherent EPM and
manual morcellation, Varkarakis et al. (2004) [12] tested a novel water jet
morcellator (HydroCision) in a Lapsac, and Baughman et al. (2005) [82]
tested a Dionics rotary shaver. Considering the box setup is thus often ap-
plied in practice in order to test a morcellator, this method will also be used
to test the novel designed instrument. The criteria mentioned in the previous
section should be able to be measured in this setup. With the exception of
item 5 and item 10 (see table 3.1), this can be achieved.

Although in a previously performed literature study [23] all the previ-
ous and currently available morcellators were discussed and compared on
the basis of their morcellation rates, this comparison was subject to limited
available data in literature and large data spread. To this end a data gath-
ering protocol was suggested by which one could determine the functionality
of a practically applied morcellator. This protocol is given in table 3.2, and
can also be applied for tested morcellators in test setups (with some minor
adjustments).

The protocol is partially self explanatory. The preoperative items mostly
serve to predefine all the variables of interest which need to be measured in-
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Figure 3.1: In vitro Steiner morcel-
lator set-up. The neck of a large
Lapsac, which contains a porcine
kidney, is exteriorized through a 12-
mm trocar site [15].

Figure 3.2: In vitro Steiner morcel-
lator set-up. Close-up of the Lapsac
with the entrapped kidney, as seen
by the surgeon when using a laparo-
scope [15].

Figure 3.3: Mock abdominal wall
simulating MIS with an Cook HSEL
morcellator introduced into an exte-
riorized Lapsac [16].

Figure 3.4: Custom trocar for the
creation of a custom environment
(forceful distention) in the Lapsac
during morcellation [16].

traoperatively. The intraoperative stage consists of documenting all relevant
data and accounting for all the unforeseen occurrences. Lastly, the post-
operative stage involves the calculation of several important factors. The
morcellation rate needs to be calculated in order to compare various morcel-
lators on the basis of their functional speed, and the Pearson’s correlation
coefficient gives a value for the reliability of this calculated morcellation rate.
That is because this coefficient is a factor for the linearity between variables.
Since the morcellation rate is calculated by dividing the removed mass by
its removal time, the resulting value should be an indicator for the constant
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Table 3.2: Pre-, intra-, and postoperative information gathering protocol [23]

Preoperative:
1. Define patient group variability (group size, BMI, age, parity, surgical history,

procedure inclusion criteria, etc.)
2. Define tissue entrapment time in endoscopic bag if a bag is to be used
3. Define start- and endpoint of morcellation time (standard = instrument insertion

and extraction respectively)
4. Define start- and endpoint of debris removal time if morcellator is expected to

cause debris
5. If the weight of the tissue mass is preoperatively determined (e.g. with MRI),

then note down this value for comparison with actual removed tissue
Intraoperative:
6. Measure full procedure time (tprocedure)
7. If a bag is used, measure entrapment time (tentrap)
8. Measure morcellation time (tmorce)
9. Measure morcellated weight (mmorce) and amount of tissue strips removed with

the device (nmorce)
10. Note used morcellator and properties (manufacturer, settings, RPM, tube diam-

eter, # years surgeons experience with instrument)
11. If there is debris scatter: count number of debris pieces, measure the removal

time and determine method of extraction
12. Document any surgical complications and/ or device malfunctions
Postoperative:
13. Calculate morcellation rate (vmorce in g/min), and elaborate on the calculation

method
14. Calculate average weight of removed tissue strips (g)
15. Calculate Pearson’s correlation coefficient (r)
16. Calculate morcellation time as a fraction of the total procedure time (f)
17. Compare preoperative determined weight with removed weight (if applicable)
18. Note patient recovery time

removal rate in grams per minute. The Pearson’s correlation coefficient gives
a value in the range of 0 to 1. A value close to 1 indicates a good linear-
ity, making the found morcellation rate a relative good approximation for
the constant removal speed of the instrument. A coefficient close to 0 in-
dicates non-linearity, showing that other (non-linear) factors are influencing
the morcellation process, making the morcellation speed not a value which
can be attributed to the instrument alone. A pearson’s coefficient close to 0
thus prevents one in making a reliable morcellation rate comparison between
instruments. Examples of non-linear influences are surgical complications,
surgeon inexperience with the morcellator, device malfunction, etc. The
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Pearson’s correlation coefficient is calculated as follows [83,84]:

r2 =
ss2
xy

ssxx · ssyy
, where


ssxx =

∑
(xi − µx)2

ssyy =
∑

(yi − µy)2

ssxy =
∑

(xi − µx)(yi − µy)
(3.3)

All the data mentioned in the protocol relating to patient information is ob-
viously neglected, and item 16 can only be determined in practice.

In order to be able to test the newly design morcellator, a baseline test will be
performed. This will be done with the most commonly applied morcellator
working principle: ‘motor peeling’ . Additionally, practical data (i.e. Oper-
ating Room data) will be obtained with the data gathering protocol, in order
to compare the ideal test-setup environment data versus the actual medical
setting. Only in this way can one relate test data from a novel morcellator
to expected results in the medical field.

3.3 Designing process

In order to design a novel instrument, the most important phases which
define a morcellator, should first be identified. As was done in a previously
performed literature study (see [23]), a morphological table was created to
define all existing working principles. The items stated were:

� engaging tissue

� power supply

� debulking method

� transport method

� bag environment (if a bag is used)

These items will be analyzed and expanded for the purpose of finding all
possible variations for a novel morcellator. Following, the most promising
items will be used to design several concepts, which will then be analyzed
and reviewed. Through iteration in the designing process, finally one concept
will emerge which is to be prototyped. This prototype will then be tested
with the created test setup and compared to a currently available peeling
morcellators. Finally a conclusion will be drawn to the device its functionality
both in a test environment and in the clinical setting, based on the criteria
stated in this chapter.
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Chapter 4

Morcellator functionality

As discussed in the Methods chapter (Ch. 3, §3.2), in order to assess the
functionality of a newly developed morcellator by means of a test setup,
this setup itself first needs to be assessed. Because there is a large difference
between the actual minimal invasive situation, and an ideal test environment,
firstly data needs to be gathered both in practice and in the test setup of
an already existing and frequently used morcellator. For this purpose the
Gynecare Morcellex, Johnson & Johnson (appendix A), has been chosen.
This device functions on the principle of motor peeling, as discussed in the
introduction, and is frequently used. The functionality assessment of the
morcellator between test setup and operation room situation will partially
be done on the basis of its working speed. Three different speed abbreviations
will be used; Instrument morcellation rate (IMR), which is the morcellation
rate (in g/min) found from data obtained from the test setup; Procedure
morcellation rate (PMR), which is the functioning rate obtained from data
collected from actual morcellation procedures; and the Morcellator cutting
rate (MCR), which is the morcellation rate based on only the effective on-
time of the morcellator. The IMR and PMR values found will be compared
to asses the morcellator, and the MCR will later be used for a more objective
assessment of the cutting ability of the instrument itself.

4.1 Test setup Morcellex data

As described in the Methods chapter, a box setup is often used to evaluate a
morcellator. To test the Gynecare Morcellex (appendix A), a test setup has
been created as shown in figures 4.1 and 4.2. The setup pertains a closed-off
Minimal Invasive (MI) testbox with four trocar ports located therein. These
four trocar ports represent (and have identical locations as) the incisions cre-
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Figure 4.1: Minimally Invasive test
setup for morcellation

Figure 4.2: Trocar ports comparable
to reality. (also see figure 2.6)

Figure 4.3: Screenshot of testsetup in action. Combined in- and outside
video.
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ated in a patient during operation (for comparison, see figure 2.6). As seen
in figure 4.2, the mobile laparoscope is inserted through the top port, and
the grasper and combined morcellator with grasper through the lateral ports.
The bottom port is not used. The laparoscope is connected to a monitor on
which the surgeon can see inside the MI testbox. For the purpose of data
collection, this video signal is duplicated and recorded on a computer. More-
over, a digital video camera mounted on a tripod is aimed at the testsetup to
capture the procedure on the outside. Together, these two videos provide test
session playback for (time-action) analysis. In figure 4.3 a video screenshot is
shown, depicting both the actions in- and outside the test setup. Traumatic
graspers were used and the Gynecare Morcellex was driven by the Gynecare
Motor Drive Unit (MDU) MD0100, recieved on loan from Johnson&Johson.

4.1.1 Tissue model

For ethical reasons, the tissue to be morcellated in the MI testbox setup could
not be actual human uterine tissue, for which the Morcellex morcellator was
originally intended. For the motor peeling working principle (2.2) which the
Morcellex is based on, the spherical shape of the tissue is key to successful
tissue debulking. Therefore, an organ of both roughly equal size and tissue
type was needed. The most equivalent animal tissue type to the human
uterus is the porcine uterus, but the size and shape of it is not comparable.
Where an enlarged human uterus is roughly spherical in shape, the porcine
uterus is longitudinal and relatively small, making it unfit as a tissue model.
Therefore, another model was sought.

Literature gives little data regarding the biomechanical properties of the
human uterus. Often tests are performed on porcine kidneys, under the
assumption that the kidney of a human is equivalent to that of a pig (note
that these are tests for the field of urology; nephrectomy procedure). The
difference in tissue characteristics between the human kidney and uterus
though are largely unreported in literature, because more often than not
the variations found in biomechanical data prohibit inter-organ comparisons.
The only two articles found to give significant information on this subject
are Nava et al., 2004 (human liver and kidney) [85], and Mazza et al., 2006
(human uterine cervix) [86]. But again, no comparison between the data is
possible. Based on surgical experience, it is stated that kidney tissue is a
lot more brittle than uterine tissue. This can be substantiated with the fact
that the uterus is mainly muscle tissue, whereas the kidney is not.

The human uterus mostly consists of smooth muscle cells (myometrium).
According to Rorie and Newton [87], the smooth muscle cell concentration
in the lower cervix is 6%, 29% in the upper part of the cervix and 69% in the
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myometrium. This is in accordance with Danforth et al. [88] and Oxlund et
al. [89, 90].

The porcine heart, which consists of mostly cardiac muscle, could be a
proper replacement for the uterus with respect to tissue morcellation. Addi-
tionally, the heart has a roughly equivalent spherical shape to the enlarged
human uterus. The difference between smooth muscle tissue and cardiac mus-
cle tissue lies in its structure and function. Actin and myosin are present in
both muscle types, but where in cardiac muscle cells these proteins are orga-
nized in sarcomeres, with thin and thick filaments, the internal organization
of smooth muscle cells are different. Smooth muscle tissue is nonstriated, i.e.
there are no striations (as in cardiac muscle tissue) because the muscle tissue
has no myofibrils or sarcomeres. Instead they have bundles of thin and thick
filaments that correspond to myofibrils. The thick filaments are scattered
throughout the sarcoplasm of the smooth muscle cells. Moreover, the myosin
proteins are organized differently than in cardiac muscle cells, and smooth
muscle cells have more cross-bridges per thick filament. These structural
differences might mean that there is some difference in tissue toughness, and
more importantly the direction of the striations might influence the cutting
efficiency. To compensate this, firstly, the Morcellex blade should be used
at the maximum RPM setting (1000 RPM). Secondly, the porcine heart is
boiled (as suggested by a gynaecologist), which melts the collagen (connec-
tive tissue) present in the cardiac muscle tissue. This reduces the toughness
of the tissue, and more importantly reduces the effect of striations on the cut-
ting direction, thereby making the porcine heart more comparable to the (by
approximation homogeneous) uterine tissue. No literature has been found
to support this claim, but confirmation of its equivalence was obtained from
two experienced gynaecologist.

4.1.2 Test results

Ten prepared porcine hearts were morcellated with the Gynecare Morcellex
(appendix A) evenly divided over two gynaecologists. Both surgeons were
experienced with the procedure and instrument, having already performed
between 10 and 50 actual morcellation procedures. In table 4.1, an oversight
is provided of the results. In table 4.2, the same data can be seen divided
over the two surgeons, with the apparent learning curves highlighted and
removed from the mean and standard deviation (SD) calculations. As is
shown, the mean total morcellation time is 20 minutes and 10 seconds with
a standard deviation of 3 minutes and 41 seconds (0:20:10±0:03:41). Of that
time, the morcellation instrument was turned on for 4 minutes and 13 seconds
(0:04:13±0:00:54), which is 20,9% (20,92%±2,22%) of the full morcellation
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procedure time. Of the remaining 79,1%, 59,8% of the time the surgeon
is busy with manipulating the tissue mass inside the test setup, and the
remaining 19,3% of the time is occupied with tissue deposition outside of the
test setup. In figure 4.4, this division is shown in a pie-chart. The time-action
analysis thus shows that most of the time of the full morcellation procedure,
the surgeon is busy with essential but inefficient tasks, which are inherent
to the ‘motor peeling’ working principle. Please note that the time-action
analysis provided similar results for both gynaecologists (see table 4.1 versus
table 4.2).

Figure 4.4: Time-action analysis of the total morcellation procedure per-
formed in-vitro (N=10).

The time-action analysis in figure 4.4 shows very clearly why the Instru-
ment Morcellation Rate (IMR) is unequal to the Morcellator cutting rate
(MCR) which are the total morcellated tissue mass divided by the total mor-
cellation time or the effective on-time of the morcellation blade respectively.
Note that both the IMR and MCR are calculated by having first determined
the removal rates at every separate test, and afterwards calculating the mean
and SD over the total set of morcellation rates. This is in agreement with
the second averaging method discussed by Arkenbout et al, 2011 [58].
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Table 4.1: Test results in-vitro porcine heart morcellation with Gynecare Morcellex (appendix A). Data presented
with mean ± standard deviation (SD) and standard deviation expressed in percentages (SD[%]).

General data:
Testsession number 1 2 3 4 5 6 7 8 9 10
Morcellator number 1 1 1 3 3 3 3 2 2 4
Gynaecologist Gyn1 Gyn1 Gyn 2 Gyn 1 Gyn 1 Gyn 1 Gyn 2 Gyn 2 Gyn 2 Gyn 2
Date (2011) 19-04 19-04 19-04 04-05 04-05 04-05 04-05 11-05 11-05 12-05
Morcellation port lateral lateral lateral lateral lateral lateral lateral lateral lateral lateral
Time-action analysis: Mean ± SD SD[%]
Tissue manipulation time 0:13:22 0:11:15 0:12:39 0:11:02 0:09:37 0:08:20 0:15:56 0:14:13 0:13:19 0:10:39 0:12:02±0:02:17 19%
Tissue manipulation time [%] 54,34 62,33 59,11 52,75 63,06 59,24 66,30 62,81 58,02 59,83 59,78±4,11 7%
Morcellation blade active 0:06:15 0:03:49 0:04:03 0:04:19 0:03:30 0:03:03 0:04:15 0:04:55 0:04:25 0:03:31 0:04:13±0:00:54 21%
Morcellation blade active [%] 25,41 21,14 18,93 20,64 22,95 21,68 17,68 21,72 19,24 19,76 20,92±2,22 11%
Tissue deposit time 0:04:59 0:02:59 0:04:42 0:05:34 0:02:08 0:02:41 0:03:51 0:03:30 0:05:13 0:03:38 0:03:56±0:01:09 29%
Tissue deposit time [%] 20,26 16,53 21,96 26,61 13,99 19,08 16,02 15,46 22,73 20,41 19,31±3,89 20%
Morcellation data: Mean ± SD SD[%]
Total morcellation time 0:24:36 0:18:03 0:21:24 0:20:55 0:15:15 0:14:04 0:24:02 0:22:38 0:22:57 0:17:48 0:20:10±0:03:41 18%
Total tissue mass [g] 298 292 333 425 437 397 398 506 481 520 408,70±81,65 20%
Tissue mass morcellated [g] 128 116 105 139 104 101 93 191 192 163 133,20±37,03 28%
IMR* [g/min] 5,20 6,43 4,91 6,65 6,82 7,18 3,87 8,44 8,37 9,16 6,70±1,69 25%
MCR* [g/min] 20,48 30,39 25,93 32,20 29,71 33,11 21,88 38,85 43,47 46,35 32,24±8,60 27%
Number of removed tissue strips 74 48 50 58 39 37 70 62 68 54 56,00±12,73 23%
Avg. weight tissue strips [g] 1,73 2,42 2,10 2,40 2,67 2,73 1,33 3,08 2,82 3,02 2,43±0,57 23%
Number of failed cutting attempts 18 19 48 16 22 17 64 78 69 39 39,00±24,20 62%
*IMR = Instrument Morcellation Rate; MCR = Morcellator Cutting Rate.

Table 4.2: Test results in-vitro porcine heart morcellation with Gynecare Morcellex (appendix A) separated to
gynaecologist. Greyed out columns (tests 1, 3 and 7) are discarded tests due to learning curve. Data presented with
mean ± standard deviation (SD) and standard deviation expressed in percentages (SD[%]).

General data:
Testsession number 1 2 4 5 6 3 7 8 9 10
Morcellator number 1 1 3 3 3 1 3 2 2 4
Gynaecologist Gyn 1 Gyn 1 Gyn 1 Gyn 1 Gyn 1 Gyn 2 Gyn 2 Gyn 2 Gyn 2 Gyn 2
Date (2011) 19-04 19-04 04-05 04-05 04-05 19-04 04-05 11-05 11-05 12-05
Morcellation port lateral lateral lateral lateral lateral lateral lateral lateral lateral lateral
Time-action analysis: Mean ± SD SD[%] Mean ± SD SD[%]
Tissue manipulation time 0:13:22 0:11:15 0:11:02 0:09:37 0:08:20 0:10:03±0:01:22 14% 0:12:39 0:15:56 0:14:13 0:13:19 0:10:39 0:12:44±0:01:51 15%
Tissue manipulation time [%] 54,34 62,33 52,75 63,06 59,24 59,34±4,70 8% 59,11 66,30 62,81 58,02 59,83 60,22±2,42 4%
Morcellation blade active 0:06:15 0:03:49 0:04:19 0:03:30 0:03:03 0:03:40±0:00:32 15% 0:04:03 0:04:15 0:04:55 0:04:25 0:03:31 0:04:17±0:00:43 17%
Morcellation blade active [%] 25,41 21,14 20,64 22,95 21,68 21,60±0,99 5% 18,93 17,68 21,72 19,24 19,76 20,24±1,31 6%
Tissue deposit time 0:04:59 0:02:59 0:05:34 0:02:08 0:02:41 0:03:20±0:01:31 46% 0:04:42 0:03:51 0:03:30 0:05:13 0:03:38 0:04:07±0:00:57 23%
Tissue deposit time [%] 20,26 16,53 26,61 13,99 19,08 19,05±5,45 29% 21,96 16,02 15,46 22,73 20,41 19,54±3,71 19%
Morcellation data: Mean ± SD SD[%] Mean ± SD SD[%]
Total morcellation time 0:24:36 0:18:03 0:20:55 0:15:15 0:14:04 0:17:04±0:03:04 18% 0:21:24 0:24:02 0:22:38 0:22:57 0:17:48 0:21:08±0:02:53 14%
Total tissue mass [g] 298 292 425 437 397 387,75±66,00 17% 333 398 506 481 520 502,33±19,76 4%
Tissue mass morcellated [g] 128 116 139 104 101 115,00±17,26 15% 105 93 191 192 163 182,00±16,46 9%
IMR* [g/min] 5,20 6,43 6,65 6,82 7,18 6,77±0,32 5% 4,91 3,87 8,44 8,37 9,16 8,65±0,44 5%
MCR* [g/min] 20,48 30,39 32,20 29,71 33,11 31,36±1,57 5% 25,93 21,88 38,85 43,47 46,35 42,89±3,79 9%
Number of removed tissue strips 74 48 58 39 37 46,00±9,61 21% 50 70 62 68 54 61,33±7,02 11%
Avg. weight tissue strips [g] 1,73 2,42 2,40 2,67 2,73 2,55±0,17 7% 2,10 1,33 3,08 2,82 3,02 2,97±0,13 5%
Number of failed cutting attempts 18 19 16 22 17 18,5±2,65 14% 48 64 78 69 39 62,00±20,42 33%
*IMR = Instrument Morcellation Rate; MCR = Morcellator Cutting Rate.



Learning curve and surgeon dependence

Table 4.1 has been separated to gynaecologist to obtain table 4.2. Even
though both surgeons are experienced in the morcellation procedure, i.e.
have morcellated in-vivo between 10 and 50 times, a learning curve was
apparent. This can more clearly be see in figures 4.5 and 4.6.

Figure 4.5: Average weight of the removed tissue strips versus trial number.

Figure 4.6: Instrument Morcellation Rate (IMR) versus trial number.

The first figures displays the trial number versus the average weight of
the removed tissue strips for both gynaecologists. For gynaecologist 1 the
first data set is lower than the remaining data, and for gynaecologist 2 the
first and the second data sets are lower. The same can be seen in the second
graph where the trial number versus the IMR is displayed. One explanation
to this learning curve could be that a traumatic grasper was used, which was
not the standard grasper used for the hysterectomy procedures to engage and
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Table 4.3: Comparison table test results in-vitro porcine heart morcellation
with Gynecare Morcellex. First column shows all data combined, second
and third column show data divided to gynaecologists with learning curve
removed from results. Data presented with mean ± standard deviation (SD)
and standard deviation expressed in percentages (SD[%]).

General data:
Gynaecologist both Gynaecologist 1 Gynaecologist 2
Time-action analysis: Mean ± SD (SD[%])
Tissue manipulation time 0:12:02±0:02:17 19% 0:10:03±0:01:22 14% 0:12:44±0:01:51 15%
Tissue manipulation time [%] 59,78±4,11 7% 59,34±4,70 8% 60,22±2,42 4%
Morcellation blade active 0:04:13±0:00:54 21% 0:03:40±0:00:32 15% 0:04:17±0:00:43 17%
Morcellation blade active [%] 20,92±2,22 11% 21,60±0,99 5% 20,24±1,31 6%
Tissue deposit time 0:03:56±0:01:09 29% 0:03:20±0:01:31 46% 0:04:07±0:00:57 23%
Tissue deposit time [%] 19,31±3,89 20% 19,05±5,45 29% 19,54±3,71 19%
Morcellation data: Mean ± SD (SD[%])
Total morcellation time 0:20:10±0:03:41 18% 0:17:04±0:03:04 18% 0:21:08±0:02:53 14%
Total tissue mass [g] 408,70±81,65 20% 387,75±66,00 17% 502,33±19,76 4%
Tissue mass morcellated [g] 133,20±37,03 28% 115,00±17,26 15% 182,00±16,46 9%
IMR* [g/min] 6,70±1,69 25% 6,77±0,32 5% 8,65±0,44 5%
MCR* [g/min] 32,24±8,60 27% 31,36±1,57 5% 42,89±3,79 9%
Number of removed tissue strips 56,00±12,73 23% 46±9,61 21% 61,33±7,02 11%
Avg. weight tissue strips [g] 2,43±0,57 23% 2,55±0,17 7% 2,97±0,13 5%
Number of failed cutting attempts 39,00±24,20 62% 18,5±2,65 14% 62,00±20,42 33%
*IMR = Instrument Morcellation Rate; MCR = Morcellator Cutting Rate.

manipulate the tissue mass. Moreoever, even though the porcine heart was
chosen as a substitute for a human uterus, the surgeons still had to adjust to
this difference. In order to accurately proof the presence of a learning curve,
more tests should be performed. But due to the nature of the test, the busy
schedules of the surgeons, and the limited time in which all the necessary
equipment was available, this proved impossible. Nevertheless, removing the
first and the first two data sets for the two gynaecologists respectively, greatly
improved the standard deviations in the datasets. In table 4.3, the means
and standard deviations given in tables 4.1 and 4.2, is displayed for easy
comparison. Here one sees more easily the reduction in standard deviations
due to the separation of the gynaecologists and removal of the learning curve.

Separating the surgeons proved also necessary when comparing the num-
ber of failed cutting attempts of the surgeons. A failed cutting attempt
occurs when the tissue is grasped, and the morcellator is activated while
pulling the tissue into the cutting blade, but tissue contact is lost imme-
diately after. This usually happens when the initial contact of the grasper
with the tissue is inadequate, but the surgeon attempts to morcellate tis-
sue regardless. Where the first surgeon had a mean of 18,5 failed cutting
attempts (18,5±2,65), the second surgeon had a mean of 62 failed attempts
(62,00±20,42), thus showing that the two gynaecologists manipulate the tis-
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sue mass differently. Note that this does not mean that the second surgeon is
less efficient or skilled in the procedure, because when one looks at both the
Instrument morcellator rate (IMR) and the morcellator cutting rate (MCR),
it can be seen that the second surgeon is faster than the first. This data thus
shows that, beside the morcellation instrument functionality, there is a dif-
ference between gynaecologists in the way they morcellate, which influences
the procedure time.

Linear regression analysis

Because the surgeon has a large influence on the morcellation rates, one
needs to first determine whether these values (i.e. IMR and MCR) are actu-
ally reliable assessments for the devices functionality and the surgeons which
handles it. Plotting the morcellation times versus the removed tissue weight
(for both surgeons) gives figure 4.7. In this figure also the total time which
the morcellation blade was active versus the removed weight is shown. The
slope of the linear trendlines which can be fit through these datasets represent
the IMR and MCR values respectively for both surgeons. The trendslines are
calculated with the method of least squares [91], which will be discussed next.

Assuming a simple linear regression model, we have:

Yi = α + βxi + Ui for i = 1, 2, ..., n, (4.1)

Where the α and β parameters represent the intercept and slope of the re-
gression line respectively, and U1, ..., Un are independent random variables
with E[Ui] = 0 and V ar(Ui) = σ2. The method of least squares prescribes to
choose α and β such that the sum of squares

S(α, β) =
n∑
i=1

(yi − α− βxi)2 (4.2)

is minimal. In this equation, the ith term in the sum is the squared distance
in the vertical direction from (xi, yi) to the line y = α + βx. The minimum
value of S occurs when the gradiant is zero, thus the equations for α and β
can now be determined by differentiating S(α, β) to zero.

∂

∂α
S(α, β) = 0 ⇔

n∑
i=1

(yi − α− βxi) = 0 (4.3)

∂

∂β
S(α, β) = 0 ⇔

n∑
i=1

(yi − α− βxi)xi = 0 (4.4)
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Through mathematics this results in the following equations for α and β [91]:

β̂ =
n
∑n

i=1 xiyi − (
∑n

i=1 xi)(
∑n

i=1 yi)

n
∑n

i=1 x
2
i − (

∑n
i=1 xi)

2
(4.5)

α̂ =ȳn − β̂x̄n (4.6)

In the situation of calculating the linear regression for the morcellation rates,
it should be noted that when starting the procedure (at t = 0s), no tissue
can logically already be removed. In other words, since no tissue is removed
when the procedure hasn’t even started yet, the model needs to be set to
cross the origin, i.e. point (0,0). This means that α = 0, giving one the
following partial differentiation:

∂

∂β
S(β) = 0 ⇔

n∑
i=1

(yi − βxi)xi = 0 (4.7)

This is leads to:

β =

∑n
i=1 xiyi∑n
i=1 x

2
i

(4.8)

Calculating the pameters for both linear regression approximations (without
and with zero-intercept) gives for the IMRs

y =20.58 + 5.53x vs. y =6.71x

y =61.53 + 5.70x vs. y =8.58x

and for the MCR values

y =2.18 + 30.74x vs. y =31.32x

y =90.09 + 21.46x vs. y =42.11x

for the two gynaecologists respectively. These functions are displayed, to-
gether with the original data, in figure 4.7. Note that the slopes in the
zero-intercept equations are not fully equal to the morcellation rates, given
in table 4.3, due to the difference in calculation methods. Where the mor-
cellation rates are determined by calculating the mean of all case-by-case
calculated IMR and MCR values, the least squares method uses equation
(4.8). But also note that if there would be a perfect linear relation between
x and y, then the two calculation methods would results in an identical an-
swer.
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Figure 4.7: Morcellation removal time versus removed weight. Linear regres-
sion analysis with format Yi = α + βxi (top graph) and with forced origin
intercept, Yi = βxi, (bottom graph) (MATLAB code: see appendix C.1 and
C.2).

Pearson’s correlation coefficient

As discussed by Arkenbout et al, 2011, [58], the linear approximations of the
datasets should be validated by calculating Pearson’s correlation coefficient,
as given by equation (3.3) in the Methods chapter (§3.2).

r2 =
ss2
xy

ssxx · ssyy
, where


ssxx =

∑n
i=1 (xi − µx)2

ssyy =
∑n

i=1 (yi − µy)2

ssxy =
∑n

i=1 (xi − µx)(yi − µy)
(3.3)

Pearson’s correlation coefficient, r, sometimes also called the cross-correlation
coefficient, is a quantity that gives the quality of a least squares fitting to
the original data. In the case of a simple linear regression, this means that
r is a measure for the linearity of the fit, ranging between 0 (no linearity)
and 1 (100% linearity). For r close to 1 there is thus a good linearity, and
as a consequence the mathematical linear regression equation is a reliable
functionality assessment for the morcellation instrument and the surgeon
combined. A pitfal though, is that equation 3.3 gives the reliability for the
linear regression line, Yi = α + βxi; Not for equation Yi = βxi!

Thus when forcing the linear regression trendline through the origin, equa-
tion (3.3) no longer holds. Instead one must use the newly created estimators
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α̂ and β̂ to obtain ŷ in the following equation [92–94]:

r2 = 1− SSE

SST
, where

{
SSE =

∑n
i=1 (yi − ŷi)2

SST =
∑n

i=1 (yi − ȳ)2
(4.9)

In equation (4.9) SSE and SST stand for the error sum of squares and mea-
sure of total variance respectively. Calculating the correlation coefficients
for both the standard and zero-intersect linear regression equations gives the
data as presented in table 4.4.

Table 4.4: Reliability data for morcellation rates assessment (MATLAB code:
see appendix C.1 and C.2).

Yi = α+ βxi r df p Yi = βxi r df p
IMR Gyn1 y = 20.58 + 5.53x 0.9804 2 0.0196 y = 6.71x 0.9574 3 0.0183
MCR Gyn1 y = 2.18 + 30.74x 0.9494 2 0.0506 y = 31.32x 0.9492 3 0.0236
IMR Gyn2 y = 61.53 + 5.70x 0.9997 1 0.0156 y = 8.58x 0.8613 2 0.2321
MCR Gyn2 y = 90.09 + 21.46x 0.9247 1 0.2486 y = 42.11x 0.2195 2 0.8429
df = degrees of freedom = N-2 for normal equation & N-1 for zero-intercept equation

p = level of significance (two-tailed)

In table 4.4, each p-value is the probability of getting a correlation as large
as the observed value by random chance, when the true correlation is zero.
Thus if p is small, say less than 0.05, then the correlation r is significant.

As can be seen in table 4.4, there is a decrease in significance when forcing
the linear regression line through point (0,0). Looking at the IMR and MCR
data from the first gynaecologists, we see that both values are significant to
.025 (rIMR(3)=.957, p<.025 and rMCR(3)=.949, p<.025) [91, 95, 96]. This
data shows that given sufficient data pairs, the IMR and MCR data can
be sufficiently strong for comparison with other morcellation instruments
and surgeons. Due to having only three reliable data samples at the sec-
ond surgeon, significance could not be reached (rIMR(2)=.8613, p<.25 and
rMCR(2)=.2195, p<.85). From this difference in data significance between
the surgeons it can also be concluded that a large contributing factor to the
IMR and MCR data is the technique of tissue manipulation, because as seen
in table 4.3, there was a large difference in the mean of failed morcellation
attempts. Whether this difference is an artifact of the test setup, or also
an actual phenomenon in the operating room situation, can not be proven.
Thus more test-data would prove useful.

To summarize, it is seen that the morcellation rates taken as a linear ap-
proximation for the functionality of the morcellation instrument combined
with the surgeon who handles it, can be used a functional comparison tool.
And thus a novel develop instrument can be compared, in a similar in-vitro
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test environment, on the basis of this parameter. Even so, considering the
significant influence which surgeons have on this process, one needs to be crit-
ical with respect to non-linear factors which might be influencing the data.
This is attempted in the following section.

Non-linear morcellation relation

There are many factors which can influence the morcellation procedure in the
operating room (OR). These range from patient specific variables (age, Body
Mass Index, health, surgical history, parity, gravidity) to surgeon influence
(experience, constitution, emotional situation), OR setup (level of high-tech
equipment, monitor placement, equipment placement) and OR staff (first
assistant, scrub tech, anesthesiologist). In the test setup the patient and
OR variables can largely be neglected, and only the surgeon specific influ-
ences need be taken into account as non-linear factors (ofcourse beside the
functionality of the surgical equipment). The morcellation rates, as seen in
the previous sections, are linear approximations of the functionality of the
morcellator combined with the influence of the surgeon which handles it.

The morcellation procedure entails the removal of tissue, where the work-
ing principle of the morcellator is largely dependent on the spherical shape
of this tissue. But when cutting and removing tissue, one automatically dis-
figures and changes the shape of the tissue mass. And thus the morcellation
principle should become less functional as time passes and the tissue mass
becomes grossly malformed. It therefore stands to reason that there should
be a negative relation between the length of the removed tissue strips and
the procedure time. In other words; the tissue strips are likely shorter when
the procedure has already been underway some time, compared to when the
surgeon only just started morcellating. To see if this is true, one needs to
measure the length of each tissue strip as it is removed vs. the time at which
it was removed. Yet doing this during the tests would be cumbersome, im-
pede the surgeons progress and efficient and also influence the measurements
themselves. Moreover, with on average 56 pieces being removed per test, and
the limited time in which the equipment was available, measuring this was
impossible.

In order to prove the negative relation between tissue strip length and
time, one could also plot the on-time of the morcellator vs. the tissue strip
number (both obtained from the time-action analysis), as the on-time of the
morcellator can logically directly be linked to the length of the tissue strip.
Doing this for both surgeons, taking out the learning curves out of the data,
and also removing the failed morcellation attempts, gives figure 4.8.

The trendlines displayed in figure 4.8 are given in the following table:
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Figure 4.8: Morcellator on-time plotted vs. tissue strip number to show
decrease in tissue strip length over time. Top figure: gynaecologist 1; bottom
figure: gynaecologist 2. (MATLAB code: see appendix C.3).

Table 4.5: Trendline data of morcellator on-time plotted vs. tissue strip
number (MATLAB code: see appendix C.3).

Yi = α + βxi r df p
Gyn1 y = 5.6− 0.08x -0.3801 180 1.2e-7
Gyn2 y = 2.9− 0.014x -0.1650 182 0.0252
df = degrees of freedom = N-2; p = level of significance (two-tailed)

The trendline for gynaecologist 1 shows that there is a significant decrease
in tissue strip length over the duration of the procedure. Tissue strips re-
moved at the end of the procedure are significantly shorter (i.e. the on-time
of the morcellator is shorter) than at the beginning. And thus this shows
that the functionality of the working principle, on which the morcellator is
based, decreases as the procedure continues. This trend is shown with the
first gynaecologist, where halfway the procedure (at tissue strip number 35),
the morcellator on-time is approximately 50% compared to the on-time at the
beginning of the procedure (r(180)=-.3801, p<.001). But this is not true for
the second surgeon, where the tissue strip length remains roughly constant.
As was already concluded on the basis of the number of failed morcellation
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attempts, the two surgeons have differences in the way they morcellate. And
this data reconfirms this.

Using the same regression analysis used in the previous subchapter (§4.1.2),
only with the 2nd order model Yi = βxi + γx2

i + Ui (remember: α = 0), one
can find the following approximations for β and γ (where

∑n
i=1 is shortened

to
∑

):

β̂ =
(
∑
xiyi)(

∑
x4
i )− (

∑
x3
i )(
∑
x2
i yi)

(
∑
x2
i )(
∑
x4
i )− (

∑
x3
i )

2
(4.10)

γ̂ =
(
∑
x2
i )(
∑
x2
i yi)− (

∑
x3
i )(
∑
xiyi)

(
∑
x2
i )(
∑
x4
i )− (

∑
x3
i )

2
(4.11)

Calculating these parameters, to obtain second order functions for y, gives
table 4.6 and figure 4.9, where β̂ represents the morcellation speed, and γ̂ the
acceleration/decelleration of this morcellation process over time. Comparing
the data with table 4.4 shows that the linear fit for gynaecologist 1 is weaker
(i.e. lower r2) but more significant (i.e. smaller p-value). For gynaecologist
2 can be seen that the non-linear fits are both stronger and more significant.
What can be concluded from this data is that even though the linearly es-
timated morcellation rates can be proven to be a relatively good basis for
morcellation comparisons, and both linear and non-linear significant least
squares regression fits can be obtained, the difference in surgeons and other
non-linear factors are difficult to identify and quantify. And thus care needs
to be taken when comparing morcellators.

Table 4.6: Second order regression analysis functions (MATLAB code: see
appendix C.4).

Yi = βxi + γx2
i r2 df p

Gyn1 IMR y = 7.8x− 0.06x2 0.9526 2 0.0240
Gyn1 MCR y = 30.8x+ 0.15x2 0.9012 2 0.0507
Gyn2 IMR y = 11.9x− 0.15x2 0.9997 1 0.0110
Gyn2 MCR y = 66.1x− 5.4x2 0.9113 1 0.1925
df = degrees of freedom = N-2; p = level of significance (two-tailed)

Tissue spread

No significant differences were observed between gynaecologists with respect
to tissue spread. An example of the observed tissue spread and the accom-
panying removed tissue strips are shown in figure 4.10. One needs to take
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Figure 4.9: Morcellation removal time versus removed weight. Second order
regression analysis with forced origin intercept, Yi = βxi + γx2

i , (MATLAB
code: see appendix C.4).

into account that due to the nature of the test setup, and there being no
consequences to leaving small pieces of tissue behind (e.g. inflammation
or necrosis), the surgeons did not feel compelled to thoroughly remove all
individual pieces. Moreover, only partial morcellation was performed (i.e.
the tissue mass not fully morcellated), to limit the time spent at each test
(note: without rushing the surgeon) and also not morcellate the (hollow)

Figure 4.10: Morcellation test 6, performed by gynaecologist 1. Left: mor-
cellated tissue mass and tissue spread (m=497g before morcellation); Right:
removed tissue strips (n=37, m=101g).
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heart chambers of the porcine hearts as this would introduce artifacts in the
measurement data. And thus an accurate comparison with the operating
room situation, with respect to patient safety, cannot be made. None the
less, the test setup does effectively show the tissue seeding inherent in the
’motor peeling’ working principle, and the need to reduce it in practice.

4.2 In-vivo Morcellex data

For collecting in-vivo data, Gynaecology surgeons were asked to collect data
by means of the proposed data acquisition protocol (see table 3.2). They were
aided in this task with a fill-in sheet, which could be filled in intraoperatively
by an assistant (see appendix D). In order to ensure correct data notation,
at the first operation of every surgeon where data needed to be collected, the
author of this report attended those procedures as an observer and explained
(if necessary) what information needed to be noted down. The following data
was collected intra-operatively:

� date of surgery

� patient name

� patient birth date

� patient number

� type of morcellator used

� level of experience with the used instrument

� minimally invasive trocar port used (median plane or lateral)

� starting time morcellation

� stopping time morcellation

� morcellated weight (g). Note that vaginally removed tissue (or any
other method of removal except through the morcellator) is not taken
into account.

� total removed tissue weight (g) (incl. vaginally removed tissue)

� number of tissue strips in which the mass was morcellated

� complications, instrument malfunction and/or comments.

This amount of data filled in intra-operatively might seem like much,
but is the minimal level of data required in order to accurately asses the
functionality of the used morcellator. Only the first four items in the list
(i.e. procedure date, patient name, birth date and number) are standard
information. The rest is never reported. By means of the patient number
the following data has later been requested:
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� performed procedure

� hospital

� diagnosis for operation

� reason/judgment call for morcellation

� parity (number of times she has given birth)

� gravidity (number of times she has been pregnant)

� body mass index (BMI)

� pre- or postmenopausal

� bloodloss

� skin-to-skin operation time

� recuperationtime (length of hospitalization after completion of proce-
dure)

� at myomectomy procedure: number of removed uterine fibroids

� histological examination results (Dutch: PA-uitslag)

� preoperative ultrasound, CT or MRI tissue mass examination (estima-
tion of size)

This resulted in the table 4.7.
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Table 4.7: Morcellation and patientrelevant data collected from actual operating room procedures. All datasets have
been collected with a 15mm diameter Morcellex, except where noted. An time-action analysis has been performed
on the datasets indicated with an underlined patientnumber.
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1 TLH 1 46 A 14 wks ges-
tation

0 0 24 pre 16-12-2010 lateral 135 18 193 306 - 10.7 - 22 8.8 200 ukn. benign
leiomyomas

2 LSH 2 55 B nl 1 1 26 pre 07-03-2011 median 134 9.8 90 90 43.6 9.2 8.7 13 6.9 100 3 myomas
3 TLH 1 49 A 14-16 wks

gestation
3 4 24 pre 18-03-2011 lateral 105 8 210 555 - 26.3 - 23 9.1 200 ukn. benign

leiomyomas
4 TLH 1 46 A 14 wks ges-

tation
0 1 38 pre 01-04-2011 lateral 105 11 117 375 - 10.6 - 16 7.3 25 ukn. uterus my-

omatosus
5 TLH 1 45 A 14-16 wks

gestation
1 1 23 pre 12-05-2011 lateral 120 15.7 435 435 94.2 27.7 - 45 9.7 300 ukn. leiomyomas

6 LSH 2 51 A n-2v,
ut:10x9.5cm

1 1 23 pre 22-06-2011 median 245 29.4 385.5 385.5 49.3 13.1 22.5 23 16.8 100 4 myomas

7 LSH 2 45 A n-2cm
m:8.9x8.4cm

1 1 22 pre 07-09-2011 median 199 20.4 566 566 97.6 27.7 25.0 45 12.6 800 6 myomas

8 LSH 2 49 A m:5x5.5cm 0 2 26 pre 12-09-2011 median 153 15.8 203 203 88.9 12.9 13.2 38 5.3 150 2 myomas

9[3] LSH 2 45 A m:14.5x11.8x
10.5cm

2 2 21 pre 19-09-2011 median 200 59.3 1260 1260 63.6 21.2 28.8 131 9.6 150 3.5 myomas

10 LSH 2 39 A m:
5.2x4.9cm

2 2 32 pre 26-09-2011 median 170 11.3 238 238 91.0 21.1 8.9 12 19.8 0 7 myomas

11 LSH 2 37 B ut:9.1x6.6x 0 0 25 pre 05-10-2011 median 125 7 218 218 123.4 28.8 14.5 27 8.1 ukn. 2.3 myomas
/ LESS 7.7cm leiomyoma

12 LSH 2 41 A ukn. 0 5 24 pre 10-10-2011 median 125 16.4 363 363 72.1 22.2 16.7 41 8.9 150 2 myomas
13 LSH 2 46 B ut. large 0 2 22 pre 24-10-2011 median 80 3.4 29.5 29.5 42.1 8.8 5.4 2 14.8 100 ukn. myomas
14 LM 2 44 B n-2 m:5cm 0 0 23 pre 16-11-2011 median 220 16 85 85 27.9 5.8 10.2 30 2.7 1500 2.5 benign

leiomyoma
15 LSH 2 49 A ut. large 1 3 24 pre 21-11-2011 median 153 6.3 78 78 85.1 12.4 10.7 12 6.5 200 3.5 benign

/ LESS leiomyoma
16 LSH 2 50 B ut. large 3 3 19 pre 21-11-2011 median 170 6 124 124 - 20.7 - 13 9.5 400 2.0 normal

uterus

17[4] LSH 2 46 A 14 wks (m:
9.2x7.8cm)

2 3 27 pre 09-12-2011 median 205 60.9 895 895 51.8 14.7 22.0 130 6.9 150 ukn. benign
leiomyoma

18[4] LSH 2 41 B 12 wks (m:
7.7x8.0cm)

3 3 22 pre 12-12-2011 median 170 21.1 650 650 87.4 30.9 25.2 57 11.4 500 3.0 benign
leiomyoma

Average 45.8 1.1 1.9 24.7 156.3 18.6 341 381 72.7 18.0 16.3 37.4 9.8 296 3.4
± Standard deviation 4.4 1.1 1.4 4.3 44.7 16.4 324 318 27.0 8.0 7.6 36.8 4.1 366 1.6
ukn. = unknown; wks. = weeks; patientnumber=time-action analysis performed on dataset

[1] Two diagnosis can be distinquished: A) presence of myomas in the uterus and complaints of the patient; B) menorrhagia (i.e. abnormally heavy and prolonged menstrual periods)
[2] Preoperation size estimation: ut. = uterus, m = myoma
[3] #Morcellex jammed 4 times. In total 5 morcellex instruments were used to complete procedure
[4] Morcellator used: Lina Xcise. This morcellator relies on the same motor peeling principle as the Morcellex, also has a 15mm diameter, and operates at a comparable power level.



4.2.1 Data division into subgroups

As is sometimes done in literature, the data can be subdivided based on pa-
tient uterine weight. Taking the subdivision as used in Chang et al., 2008 [30],
the patients can be divided into three groups; patients with a uterus weigh-
ing <350g (group1), between 350g and 750g (group2), and ≥ 750g (group3).
Taking this subdivision, the means, standard deviations and ranges as dis-
played in table 4.9 have been obtained. Chang et al. investigated only the
difference between group 2 and 3, and found no significant difference in terms
of age, body mass index (BMI), preoperative diagnosis, complications and
duration of hospital stay. In table 4.9 one can see that also here no signifi-
cant difference is seen with respect to age, BMI and preoperative diagnosis
between the three groups.

Chang et al. further reported an increase in operative time and blood
loss with larger uterine size (p < 0.001) between group 2 and 3. As seen in
the table, no significant difference in operation time (note: measured from
skin-to-skin, i.e. from first incision to last stitch) can be seen between groups
1 and 2 (p1/2 = 0.870). But the conclusion drawn by Chang et al. is feasible
when noting that the significance values p2/3 = 0.253 and p1/3 = 0.090 are
a lot better compared to p1/2 = 0.870. Possibly there is a certain threshold,
somewhere around a uterine weight of 750g, after which the operative time
starts to increase significantly (tOR|gr1 = 149±74min, tOR|gr2 = 153±54min,
tOR|gr3 = 203 ± 3.5min). But due to the limited patient datasets presented
here, this statement cannot be confirmed. Also, an increase in blood loss
with uterine size is not apparent from the data (EBLgr1 = 331 ± 486ml,
EBLgr2 = 296 ± 270ml, EBLgr3 = 150 ± 0ml). Yet a relation between
operation time and bloodloss can be observed, as shown in figure 4.11 with
r = 0.43 and p = 0.09. Since a correlation between uterine weight and
morcellation time can be found (r = 0.86 & p < 0.001, fig. 4.12) and also
the operation time increases with increasing morcellation time (r = 0.58 &
p = 0.011, fig. 4.13), it thus stands to reason that given enough datasets a
trend between uterine weight and blood loss would emerge.

As displayed in table 4.9 no significant differences between the groups
can furthermore be found with respect to gravidity and parity. But signifi-
cant differences exist between the groups for morcellation time (p1/2=0.033,
p2/3&p1/3 < 0.001), morcellated weight (p1/2, p2/3 & p1/3 all < 0.003), proce-
dure morcellation rate (p1/2 = 0.052, discussed in subsection 4.2.3) and the
number of tissue strips removed (p1/2=0.017, p2/3&p1/3 < 0.001). These sig-
nificant differences between groups can easily be explained by realizing that
with increased uterine weight, more tissue needs to be removed, and thus the
morcellation procedure will take longer and logically more tissue strips will
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be removed. Plotting the uterine weight versus the morcellation time and
the number of removed tissue strips gives graphs 4.12 and 4.14 respectively.
These graphs clearly show the significant correlations between these param-
eters. The accompanying correlation and significance data is given in table
4.8.

Figure 4.11: Operation time [min] vs.
Estimated Blood Loss (EBL) [ml]

Figure 4.12: Uterine weight [g] vs.
morcellation time [min]

Figure 4.13: Operation time [min] vs.
morcellation time [min]

Figure 4.14: Uterine weight [g] vs.
No. of removed tissue strips

Table 4.8: Correlation coefficients and significance values for graphs 4.11
through 4.14. (MATLAB code: see appendix C.5)

Figures: r df p
4.11 Operation time (min) vs. Estimated blood loss (ml) 0.43 15 0.089
4.12 Uterine weight (g) vs. Morcellation time (min) 0.86 16 < 0.001
4.13 Operation time (min) vs. Morcellation time (min) 0.58 16 0.011
4.14 Uterine weight (g) vs. Number of removed tissue strips 0.89 16 < 0.001
df = degrees of freedom = N-2; p = level of significance (two-tailed)
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Table 4.9: Patient characteristics and operative parameters collected from n=18 patients. From 14 out of the 18
procedures, time-action analyses were performed with available video footage. Data presented as mean±SD (range).
(MATLAB code: see appendix C.5)

<350g 350-749g ≥750g p1/2 p2/3 p1/3

Patient characteristics
Case No. (%) 9 (50%) 7 (39%) 2 (11%)
Age (years) 46.1±5.6 (37-55) 45.4±3.7 (41-51) 45.5±0.7 (45-46) 0.785 0.980 0.885
Gravidity 1.4±1.2 (0-3) 2.3±1.7 (1-5) 2.5±0.7 (2-3) 0.271 0.872 0.285
Parity 0.8±1.1 (0-3) 1.3±1.3 (0-3) 2±0 (2-2) 0.401 0.468 0.163
BMI 24.6±3.5 (19-32) 25.1±5.8 (22-38) 24.1±4.3 (21-27) 0.823 0.824 0.863
Diagnosis (n) (%)
- Uterus myomatosus 4 6 2
- Menorrhagia 5 1 -
Operative parameters*
Uterine weight (g) 152±92 (30-306) 476±114 (363-650) 1078±258 (895-1260) < 0.001 0.001 < 0.001
Morcellated weight (g) 140±74 (30-238) 390±186 (117-650) 1078±258 (895-1260) 0.002 0.003 < 0.001
Operative time (min) 149±38 (80-220) 153±54 (105-245) 203±3.5 (200-205) 0.870 0.253 0.090
Morcellation time (min) 10.3±5 (3.4-18) 17.4±7.1 (8.0-29.4) 60.1±1.1 (59.3-60.9) 0.033 < 0.001 < 0.001
PMR (g/min) 14.5±7.5 (5.8-28.8) 22.6±7.8 (10.6-30.9) 18.0±4.6 (14.7-21.2) 0.052 0.461 0.551
No. tissue strips (n) 18.1±10.9 (2-38) 35.7±15.1 (16-57) 130.5±0.7 (130-131) 0.017 < 0.001 < 0.001
Avg. tissue strip weight (g) 9.4±5.2 (2.8-19.8) 10.8±3.1 (7.3-16.8) 8.3±1.9 (6.9-9.6) 0.543 0.321 0.766
EBL (ml) 331±486 (0-1500) 296±270 (25-800) 150±0 (150-150) 0.869 0.489 0.628
Excessive bleeding** (n) (%) 1 2 0
Estimated recovery to ADL (weeks) 3.2±1.7 (2-7) 3.8±1.7 (2-6) 3.5±0 (3.5-3.5) 0.615 0.904 0.871
Time-action analysis
Case No. (%) 7 (39%) 5 (28%) 2 (11%)
Tissue manipulation (min) 4.9±1.8 (1.8-7.3) 9.9±4.0 (6.8-16.7) 26.8±1.3 (26.0-27.8) 0.015 0.003 < 0.001
Tissue manipulation (f) 0.52±0.08 (0.43-0.66) 0.47±0.06 (0.41-0.57) 0.45±0.01 (0.44-0.46) 0.268 0.691 0.264
Active morcellation (min) 1.9±0.9 (0.7-3.1) 6.1±1.4 (4.6-7.8) 18.5±1.8 (17.3-19.8) < 0.001 < 0.001 < 0.001
Active morcellation (f) 0.20±0.04 (0.14-0.23) 0.30±0.03 (0.27-0.35) 0.31±0.04 (0.28-0.33) < 0.001 0.787 0.007
Tissue depositing (min) 3.0±2.0 (0.8-6.2) 4.6±0.3 (4.1-4.9) 14.7±1.6 (13.6-15.8) 0.121 < 0.001 < 0.001
Tissue depositing (f) 0.29±0.07 (0.20-0.39) 0.23±0.04 (0.17-0.28) 0.24±0.02 (0.23-0.26) 0.156 0.731 0.444
Morcellation time (min) 10.3±5 (3.4-18) 17.4±7.1 (8.0-29.4) 60.1±1.1 (59.3-60.9) 0.033 < 0.001 < 0.001
Morcellation time (f) 0.07±0.03 (0.04-0.13) 0.12±0.02 (0.08-0.13) 0.30±0.01 (0.30-0.31) 0.007 < 0.001 < 0.001
Irrigation and inspection (min) 10.2±3.0 (5.4-14.5) 22.4±4.0 (16.7-25.2) 25.4±4.8 (22-28.8) < 0.001 0.449 < 0.001
Irrigation and inspection (f) 0.07±0.02 (0.05-0.12) 0.13±0.03 (0.09-0.15) 0.13±0.03 (0.11-0.14) 0.006 0.967 0.025
Residual no. of removed debris 8.9±4.9 (1-15) 15±10.2 (2-29) 31±8.5 (25-37) 0.190 0.110 0.002
MCR (g/min) 71.7±34.4 (27.9-123.4) 80.1±19.8 (49.3-97.6) 57.7±8.3 (51.8-63.6) 0.635 0.199 0.603
px/y is the significance found between group x and group y with the simple student t test. f represents the time-fraction of the total morcellation time at the tissue manipulation,

active morcellation and tissue depositing rows respectively, and the time-fraction of the total procedure time at the irrigation and inspection row.

PMR = procedure morcellation rate, MCR = morcellator cutting rate, EBL = Estimated blood loss, ADL = Average Daily Life.

*Collected with fill-in datasheet, see appendix D. ** Blood loss ≥500ml.



4.2.2 Morcellation rates

A comparison between surgeons with respect to morcellated mass, morcella-
tion time and PMR gives table 4.10. As can be seen, no significant difference
can be observed, as was found in at the in-vitro testsetup (see section 4.1.2).
This can partially be accounted for due to the limited amount of datasets
(nsurgeon1 = 4, nsurgeon2 = 13). But also non-linear factors are of influence at
the actual operating room situation, which are excluded in the in-vitro test
setup. These factors include patient variability (parity, gravidity, age, BMI,
surgical history, blood loss, etc.) and operating room specific parameters
(OR setup, medical staff, etc.). Thus it is entirely possible that these extra
factors of influence make it impossible to distinguish between surgeons with
this relatively limited amount of data.

Table 4.10: Surgeon comparison (MATLAB code: see appendix C.6)
Surgeon 1 (n=4) Surgeon 2 (n=14) p

Morcellated mass (g) 257±179 378±368 0.5392
Morcellation time (min) 15.6±9.0 19.3±18.9 0.7806
PMR (g/min) 15.2±8.5 19.5±8.0 0.3625

As explained in section 4.1.2, the PMR and MCR trend lines should
intersect the origin (point (0, 0)), because logically no tissue can already be
removed when the morcellation process has not yet begun. Plotting both the
Yi = α + βxi and Yi = βxi trendlines obtained with the data, graphs 4.15
and 4.16 are obtained. Their respective trend lines have been displayed in
the graphs with their correlation coefficients and significance values.

Figure 4.15: Morcellation rates trend-
lines PMR and MCR with function
Yi = α + βxi

Figure 4.16: Morcellation rates trend-
lines PMR and MCR with zero inter-
cept function Yi = βxi
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The significance values indicate that the trend lines are excellent ap-
proximations of the linear relation between morcellated mass and morcel-
lation time. Moreover, there is virtually no difference between the zero-
intercept and normal linear regression trend lines, suggesting that with ample
datasets normal regression analysis would by approximation become equal
to zero-intercept regression analysis. With Pearson’s correlation coefficients
all reaching values above 0.9, it is clear that a linear approximation of the
speed with which a morcellator functions (in grams per minute) can be used
to obtain a quantitative assessment of the instruments functionality. Espe-
cially when these speed values can be correlated with other parameters such
as uterine weight, number of tissue strips, etc.

Comparing the obtained results to the in-vitro obtained morcellation rates
a large difference can be observed. Taking both gynaecologists together, a
IMR value of 6.7 ± 1.7 g/min was found in-vitro for an average removed
weight of 133± 37g. Comparing this to the average PMR value for group 1
(with avg. removed weight 140 ± 74g/min) found in table 4.9, PMRgr1 =
14.5± 7.5 g/min, one sees that the morcellation speed obtained in-vitro was
approximately half of that found in the operating room. This difference can
be accounted for on the basis of various factors. The first influence is the
difference in tissue model, i.e. the boiled porcine heart vs. a human uterus.
This difference in tissue and anatomy might have a more substantial influence
on the morcellation rate than previously assumed. The second influence is
inherent in that of any surgical test-setup: because no patient is at risk, less
pressure for quick and efficient operation is present, and thus it is only natural
that the surgeon will have a more relaxed working speed, which translates
into a lower PMR value. Lastly, because the standard surgical grasper used
at morcellation procedures was not available for cadaver-testing, another
traumatic grasper had to be used. This grasper was less functional for this
type of procedure and more prone to prematurely lose its grasp on the tissue
mass during morcellation. All these influences combined reduced the in-vitro
morcellation speed obtained by an approximate factor of 2. Note that this
difference does not make any time-action analysis conclusions (see subsection
4.2.4) between in-vitro and in-vivo to be invalid.

4.2.3 Surgical approach: when to morcellate?

The choice to morcellate depends on various factors. These include the uter-
ine weight, the patients medical history, presence of contra indication for
vaginal access (e.g. parity, gravidity, etc.) and surgeon preference and ex-
perience. But factors correlated with morcellator instrument functionality
(PMR, IMR, MCR, f , tissue scatter) have not been defined in literature,
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and thus are not yet part of the decision making process.
A non-trivial relation exists between the Procedure Morcellation Rate

(PMR), which is the weight of the morcellated mass divided by the morcel-
lation time (defined in g/min), versus the uterine weight. When plotting the
uterine weight versus the PMR, we obtain figure 4.17. Using the full dataset
from all the groups combines, trend line y1 is created with r = 0.42 and
p = 0.087, showing a close to, but not fully, significant relation. Looking at
the dataset, it seems there are two outliers, which (not) coincidentally are the
two datapoints from group 3 (with uterine weight > 750g). Removing these
from the analysis, trendline y2 is obtained with a significantly better corre-
lation (r = 0.69 & p = 0.003). From this trend line it can be observed that
with increasing uterine weight (within range 0 to 750g), the speed of tissue
removal (influenced by both the efficiency of the instrument and the skill of
the surgeon) seems to increase. At first this feels counter-intuitive, because
a larger uterus is more difficult to manage due to decreased intra-abdominal
movement space, thereby increasing the difficulty of the procedure for the sur-
geon. But a larger uterus also means that the tissue strips removed during
the initial minutes of the morcellation procedure are usually longer and more
consistent. When the uterus is large, the instruments peeling principle thus
functions optimally, thereby positively influencing the average morcellation
rate for that procedure. This is also evidenced by the significant difference
(p1/2 = 0.052) in mean PMR between groups 1 (14.5 ± 7.5g/min) and 2
(22.6 ± 7.8g/min), given in table 4.9. This statement can be substantiated
with the previous conclusion in the test-setup (see section 4.1.2) where a
negative relation was found between morcellator instrument activation time
and tissue strip number (see figure 4.8), for gynaecologist 1, showing an op-
timal peeling effect of the instrument at the beginning of the morcellation
procedure, and a decreasing functionality when the tissue mass becomes in-
creasingly distorted. With the data obtained through time-action analyses,
this same occurrence can be witnessed when combining all collected patient
data into one plot; figure 4.18. For comparison the in-vitro obtained trend-
line from figure 4.8 is added to the graph. The difference in height between
the two trendlines can be explained on the basis of the tissue grasp issues
present with the tissue model, as discussed in section 4.1.2. The surgeons
had to adjust to the tissue model, and a different traumatic grasper was
used than the standard at morcellation, leading to increased loss-of-contact
frequency and thereby less tissue mass control. This led to shorter tissue
strips than obtained in standard practice, and thus the trendline starts lower
in figure 4.18, but declines with an almost equal slope.The negative signif-
icant relation observed (p < 0.001) thus confirms the conclusion from the
test setup, and explains the relation between PMR and uterine weight. It
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Figure 4.17: Uterine weight vs. Procedure Morcellation Rate (PMR) [g/min].
The trend line is given for both the full dataset (y1), as well as only groups
1 and 2 combined (y2) (i.e. excluding uterine weights > 750g). (MATLAB
code: see appendix C.5)

Figure 4.18: Tissue strip number (in order of removal) versus on-time of the
morcellator (in seconds). (MATLAB code: see appendix C.7)
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can therefore be stated that the PMR increases with uterine weight, likely
with a cutoff value at a uterus weight around 750g, where the limited intra-
abdominal movement space issue takes precedence over the efficiency of the
peeling principle of the morcellation instrument. An important consequence
to this found relation is that based on the uterine weight, the surgeon can
make a substantiated decision whether it is beneficial to use a morcellator in
the procedure, or that possibly another approach is required. A small uterus
(< 150g) has a low removal speed, and might be faster removed through bi-
section and subsequent vaginal removal, and a large uterus (> 750g) requires
such a long morcellation time that perhaps an abdominal hysterectomy is
the better choice.

The procedure time and speed of removal are not the only important
variables to consider when choosing the surgical approach. Also the amount
of tissue strips removed, the residual tissue debris (which consists of very
small tissue pieces that are removed through inspection and irrigation from
the abdomen after the morcellation process has ended), and the recuperation
time of the patient need to be taken into account. First examining any
significant relations found in the data analysis (for MATLAB coding see
appendix C.5), it is found that there is a (trivial) relation between the amount
of tissue removed and the number of tissue strips in which this accomplished
(r = 0.94, p < 0.001). The same can be stated for the amount of tissue
strips versus the morcellation time (r = 0.95, p < 0.001), the amount of
debris removed versus the total removed weight (r = 0.83, p < 0.001) and
the debris versus morcellation time (r = 0.78, p = 0.001). These relations
are trivial as more tissue mass removed equals more tissue strips, and thus
likely also more residual debris. But the consequence of this increasing no. of
tissue strips and debris is that by association the time spent by the surgeon
checking and irrigating the abdominal area for residual pieces of tissue (which
if left behind in the patient could cause inflammation, necrosis and possibly
necessitate re-operation) increases. Both the no. of tissue strips and debris
are significantly positively correlated with irrigation fraction (r = 0.60, p =
0.032 and r = 0.71, p = 0.006 respectively), as shown in figures 4.19 and
4.20. Note that firr.&inspec. is defined as the irrigation and inspection time
divided by the total procedure time, see (4.12), and thus for example a value
of firr.&inspec. = 0.15 states that 15% of the operation time was spent cleaning
the intra-abdominal area:

firr.&inspec. =
tirr.&inspec.(min)

tprocedure(min)
(4.12)

An increase in firr.&inspec. signifies that the time spent irrigating and
inspecting the abdomen for residual tissue debris takes up an increasing
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Figure 4.19: firr.&inspec. vs. No. of
tissue strips

Figure 4.20: firr.&inspec. vs. amount of
debris tissue pieces

Figure 4.21: Relation between firr.&inspec. and the Procedure Morcellation
Rate (PMR) (g/min). (MATLAB code: see appendix C.5)

amount of time with respect to the total procedure time. With the rela-
tions given in figures 4.19 and 4.20, this entails that more tissue pieces and
debris equals a longer irrigation and inspection procedure. This in itself is
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relatively logical (note that firr.&inspec. [-] and tirr.&inspec. [min] are correlated
with r = 0.84, p < 0.001), but is important when considering the relation
between firr.&inspec. and PMR. As is discovered from the data, with increas-
ing PMR, the time spent irrigating increases. This would indicate that if
the instrument is able to remove the tissue mass faster, it does this at the
cost of more tissue spread. Since PMR is also linked to uterine weight, as
was shown in figure 4.17, it would seem the surgeon needs to be able to
assess both the irrigation time and morcellation time as a function of uter-
ine weight. For relative large uteri (but < 750g) the morcellator functions
optimally in terms of speed, but at the cost of more tissue spread and thus
more time spent irrigating the abdomen. The time gained with optimum
functioning speed of the instrument might be negated by the increased time
spent cleaning afterwards. Moreover, the influence of the amount of strips
and debris on the patient with respect to recuperation time and reoperation
rate is unknown, and is something which should be investigated further in a
larger patient-group study.

Though a conclusive analysis of the time gained through optimum func-
tion off the instrument versus the time lost due to longer irrigation and
inspection time can not be made with this small patient study, a reasonable
assessment can be obtained. First let us find the relation between PMR
(g/min) and the morcellated weight (g) (note: not uterine weight), by defin-
ing the linear trend line from the datasets obtained from only groups 1 and
2 (group 3 distorted the relation, see figure 4.17). This relation is shown in
figure 4.22, and the trendline is defined as (4.13). Here the value β1 = 0.034
(1/min) determines, depending on the weight of the morcellation mass, the
additional morcellation speed, and α1 = 9.65 (g/min) is the minimum PMR
rate. Second, obtaining the zero-intercept linear trend line between the mor-
cellation time (min) and the morcellated mass (g) gives figure 4.23 and equa-
tion (4.14). In this function, value 18.7 is equal to the average procedure
morcellation rate (g/min) for groups 1 and 2 combined.

PMR(mmorce) = β1 ·mmorce + α1 (4.13)

β1 = 0.034

(
1

min

)
, α1 = 9.65

( g

min

)
tmorce(mmorce) =

mmorce

µPMR

, µPMR = 18.7
( g

min

)
(4.14)

Realizing that the morcellation rate PMR is dependent on the amount
of morcellated mass, and substituting PMR(mmorce) for µPMR gives a non-
linear approximation for the morcellation time as a function of the weight of
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Figure 4.22: Relation morcellated
weight (g) and PMR (g/min) for all
data and groups 1 & 2 combined.
(MATLAB code: see appendix C.5)

Figure 4.23: Linear & non-linear ap-
proximation of relation morcellation
time (min) vs. morcellated mass (g).
(MATLAB code: see appendix C.8)

the to be morcellated tissue (4.15). This trendline is also displayed in figure
4.23:

tmorce(mmorce) =
mmorce

β1 ·mmorce + α1

(4.15)

The non-linear approximation appears to follow the data reasonably well
(except for one out-lier). Assuming this trend would uphold at a larger
patient-study, it nicely shows the increased functionality of the instrument
for larger tissue masses, up until a weight of 750g.

Next, the relation between the irrigation time and the morcellation rate
appears to have a very good linear fit in the data (with r = 0.94 and p <
0.001). The relation is given in equation (4.16) and shown in figure 4.24.
The value 0.032 (min/g) indicates the amount of minutes the irrigation and
inspection procedures lasts more per weight of gram of the tissue mass. In
other words, the surgeon adds 1 minute to the irrigation and inspection time
for approximately every 30 grams of tissue removed. And the surgeon has a
minimum of 6 minutes of standard checking.

tirr(mmorce) = β2 ·mmorce + α2 (4.16)

β2 = 0.032

(
min

g

)
, α1 = 6.3 (min)

So there is a non-linear relation between the morcellation time and mor-
cellated weight, and a linear relation between irrigation time and morcellated
mass. Rewriting equation (4.16) to mmorce, and substituting it into equation
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Figure 4.24: Linear approximated relation between morcellated tissue mass
(g) and irrigation time (min). (MATLAB code: see appendix C.5)

Figure 4.25: Non-linear approximated relation between morcellation time
and irrigation time (min). (MATLAB code: see appendix C.8)
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(4.15) gives the following function (4.17):

tmorce(tirr) =
tirr − α2

(tirr − α2)β1 + α1β2

(4.17)

Plotting this function gives figure 4.25.
The relation shown in the figure suggest that the amount of time spent

checking the abdomen for debris grows exponentially with the amount of
time spent morcellating. Note that this is for tissue masses weighing less
then 750g. What this relation thus shows is that even though there is an
increase in morcellator functionality for larger tissue masses, the irrigation
time works counter productive to this process. The increased inspection
time presumably has a limit at around 30 minutes, because the inspection
& irrigation time of group 3 does not scale with this relation, but has an
average of 25.4± 4.8min.

The consequence from this relation found in figure 4.25 is not that the
surgeon should choose an optimal amount of tissue to be removed, but to
gain insight into the amount of time he or she can expect to be busy with
the various parts of the morcellation procedure. Even more important is the
insight this gains into the morcellators working principle. Even though the
instruments functions effectively for large tissue masses, it does this with a
large amount of tissue scatter. This issue thus needs to be addresses in a
novel morcellator design.

Looking at the patient specific parameters, i.e. age, parity, gravidity, blood
loss and return to Average Daily Life (ADL, measured in weeks), interest-
ingly a relation was found between the average strip weight (ASW) of the
removed tissue strips and the amount of weeks until full return to ADL of
the patient. The average strip weight has been calculated by dividing the
removed tissue mass by the amount of tissue strips in which this is accom-
plished. It thus does not take into account the decreasing functionality of
the morcellation instrument as the procedure continues as shown in figure
4.18. The relation is shown in figure 4.26. Though the correlation found
is significant with p = 0.007, caution should be taken as the return to ADL
data is merely an estimation and is moreover open to discussion as the values
are not quantitatively measurable. And as such it is prudent to not make any
conclusive statements based on this found relation. Though if this displayed
trend were to persist in larger patient studies, it would indicate that with
increased average strip weight, the patients have a longer return to ADL. In
the data, no relation was found between PMR rate and ASW, and as such
larger average tissue pieces do not indicate faster morcellation, making any
connection between return to ADL and tissue or debris scatter impossible.
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Figure 4.26: Observed relation between average strip weight (g) versus the
return to Average Daily Life (ADL) (weeks). (MATLAB code: see appendix
C.5)

It might be that there is an underlying reason based on the tissue histology
or presence of myoma’s, which affect both the consistency of the tissue and
the recuperation time of the patient, though this is inconclusive due to the
limited data available for this analyses.

To summarize; when a surgeon chooses to morcellate tissue, he or she takes
into account the patient characteristics, the size and shape of the uterus, and
basically what is best for the patient in the long run. With the addition of
the above found relations, the surgeon is now also able to obtain a reasonable
estimation of the time the morcellation procedure will take, and whether the
morcellation instrument will function optimally, or that possibly another sur-
gical approach is more beneficial. For example, PMR scales advantageously
with large uteri, but thereby creates allot of tissue scatter necessitating a long
tissue inspection and irrigation time. For small uteri, a Laparoscopical As-
sisted Vaginal Hysterectomy (LAVH) might be a better approach than total
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uterus morcellation, due to the lower PMR value found for low uteri making
a vaginal removal approach possibly be quicker and more cost-effective. Not
forgetting the financial aspects involved in morcellation, it is interesting for a
hospital to have an improved insight into the duration of morcellator-related
procedures, because the time gained or lost by choosing for or against the
use of a morcellator influences the operating room costs.

4.2.4 Time-action analysis

In table 4.9, all the relevant data pertaining to the time-action analysis is
given. To make the displayed information more tangible, one can use a
same pie-chart as previously used in figure 4.4. Displaying the analyses
for each group separately gives figure 4.27. The time-action analysis has
an equal division as used in the in-vitro tests, i.e. phase 1: manipulate
tissue in order to bring it to the dissection method; phase 2: morcellate and
transport tissue through the morcellator; phase 3: deposit morcellated tissue
and reinsert laparoscopic grasper to reengage the tissue mass. Interesting
to see is that the fraction of time spent morcellating the tissue (phase 2)
increases with the groups (20% → 30% → 31%), and thus with the amount
of tissue morcellated. This difference could also already be observed in table
4.9 where the significance values p1/2 < 0.001, p2/3 = 0.787 and p1/3 = 0.007
are given, proving there is a significant difference between groups 1 and 2, and
1 and 3 respectively. No significant difference with respect to the other phases
between groups can be distinquished. For comparison of the found results
with the in-vitro data only the piechart of group 1 can be used, because
the weight morcellated in the test setup was always below 250g. The found
distribution in phases is displayed in the table below, table 4.11, for ease of
comparison.

Table 4.11: Comparison time-action analysis test setup vs. OR-data. (MAT-
LAB code: see appendix C.9)

Test setup OR data p
phase 1: tissue manipulation 0.60±0.04 0.52±0.08 0.011
phase 2: tissue morcellation 0.21±0.02 0.20±0.04 0.444
phase 3: tissue depositing 0.19±0.04 0.29±0.07 0.003

Surprisingly, the fraction of time spent morcellating in the test setup is
by approximation equal to the actual operating room setting. The tissue
manipulation phase is significantly higher in the test setup, which can be
accounted to the different traumatic grasper which had to be used. This
grasper thus introduced a disadvantageous artifact to the test data. Further-

74



Figure 4.27: Time-action analysis for group 1 (n=7), group 2 (n=5) and
group 3 (n=2). The piecharts on the left show the time spend (in % of the
morcellation procedure) to accomplish their respective tasks. The bar-chart
on the right displays the accompanying standard deviations. The legend is
shown in the first piechart. 75



more, the time spent depositing tissue in the test setup is significantly less
than the actual situation, which can easily be explained: in the test setup a
small collection cup stood directly at the surgeon, allowing him to deposit
the tissue with minimal effort. In the actual setting the surgeon depends on
his surgical team in order to deposit the tissue. Due to the relatively clut-
tered environment a cup can not simply be placed in front of the surgeon,
thus an assistant presents this cup whenever it is necessary. This logically
takes more time. Moreover, the grasper sometimes needs to be cleaned by
an assistant, which was never done in the tests, thus saving time.

There are therefore logical explanations for the differences between the
tests and the actual operation data. But because the morcellation time
fractions (phase 2) are roughly equal, it can be stated that the test-setup
is a relatively good method of testing the time-efficiency of the instrument.
Independent of patient-specific variables, the instrument has an approximate
80% downtime for procedures when less then 350g is morcellated. Using this
information, it would appear more functional to express the morcellation
rate as a function of the morcellated mass and only the time spent in this
phase. This speed would then be more specific to the cutting ability of the
morcellator. The morcellator cutting rate (MCR) has already been given in
tables 4.7 and 4.9 and is defined as (4.18)

MCR(mmorce) =
Mmorce

f2 · tmorce
, with f2 =

tphase2
tmorce

= phase 2 (4.18)

f2 is the fraction as shown in table 4.11. In table 4.12, the MCR values
for both the test setup and the OR data are displayed for comparison to
the PMR and IMR values. As is seen, the difference between test setup and
the actual operating room situation is still very distinctive, which is caused
by the difference in total morcellation time. This makes an effective speed
comparison between the test setup and the actual situation only possible if
an approximate factor 2 is taken into account when working with a boiled
porcine heart as a tissue model.

Table 4.12: Comparison morcellation rates between test setup and operating
room data.

IMR (g/min) MCR (g/min)
test setup 6.7±1.7 32.2±8.6

PMR (g/min) MCR (g/min)
group 1 14.5±7.5 71.7±34.4
group 2 22.6±7.8 80.1±19.8
group 3 18.0±4.6 57.7±8.3
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4.3 Conclusions

To summarize, data on the functionality of the Gynecare Morcellex tissue
peeling morcellator was acquired both in-vitro, with the use of a boiled
porcine heart as tissue model, and in the operating room during normal mor-
cellation procedures. Significant results were obtained with zero-intercept
linear regression analysis between the weight of the morcellated tissue and
the morcellation time, suggesting that the tissue removal rates (test setup:
IMR, OR-data: PMR, unit g/min) can be used to effectively asses the com-
bined functioning speed of the instrument and the surgeons skill. Large
differences were also observed in-vitro between surgeons. Due to significant
uterine weight variability observed in-vivo, the OR-dataset was split into
three groups based on uterine weight. Significant differences between the
groups were found at operative time, morcellation time, procedure morcella-
tion rate (PMR), no. of tissue strips removed and irrigation and inspection
time. Positive morcellation rate dependence with uterine weight was found,
showing that the efficiency of the morcellator tissue peeling principle relies on
the initial size and shape of the uterus. For larger uteri, the PMR increases,
which led to the non-linear morcellation time estimation expressed in equa-
tion (4.15). Furthermore, a linear relation was observed between morcellated
weight and irrigation and inspection time (for the removal of tissue debris),
showing that with more removed weight the time spent on cleaning the intra-
abdominal area increases. The time-gain obtained through optimum func-
tioning of the morcellator with increased uterine weight is counter-acted by
the increasing irrigation and inspection time (see figure 4.25). On the basis
of pre-operatively estimated uterine weight, the surgeon is able to use the
found relations to obtain a better estimate of the consequences for procedure
time and tissue spread when opting for the use of a morcellator.

Time-action analysis provided insight into the time spent manipulat-
ing tissue (phase 1), effectively morcellating (phase 2) and depositing tis-
sue (phase 3), which are inherent phases in the tissue peeling morcellation
principle. Significant equivalence of phase 2 between the test setup and the
operating room situation was obtained, showing the laparoscopic box setup
to be an efficient evaluation tool for assessing the time-distribution of a mor-
cellator. Instrument morcellation rates (IMR) obtained from the test setup
were approximately half of those obtained from actual procedures (PMR),
which can be explained on the basis of the tissue model and limitations in
the test setup.
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Chapter 5

Design

In this chapter, the steps completed to review and (re)design the morcellator,
are described. This includes a problem decomposition based on the in the
previous chapter tested morcellator, followed by brainstorm trees for each
of the individual components of the decomposition. This then facilitates a
concept combination table to generate concepts, from which eventually a
final concept is generated and chosen for further development in the next
chapter.

5.1 Problem Decomposition

Dividing a problem into simpler subproblems is called problem decomposi-
tion. There are several approaches in this method, three of them being [97]:

� Functional decomposition

� Decomposition by sequence of user actions

� Decomposition by key customer needs

Both the functional decomposition and the decomposition by sequence of
the user actions can be applied to the morcellator instrument. This is because
it is an technical instrument which must achieve one specific function in an
complex environment (necessitating functional decomposition), while relying
heavily on the experience and skill of the user handling it (necessitating
decomposition by sequence of user actions). Therefore it has been attempted
to use both methods in conjunction with each other to generate a more
efficient scheme then either one used alone.

Functional decomposition can schematically be displayed as a black box as
shown in figure 5.1. Once expanded to objectively describe all the individual
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Figure 5.1: Black box representation of function decomposition

Figure 5.2: Function decomposition of a morcellator expanded with color
coding to display which tasks are performed at what times in the procedure
to obtain information to the tasks of the surgeon.

components, and the energy-, material- and signal-paths, one ends up with
figure 5.2. In order to incorporate the user action influences in the process,
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the problem decomposition in figure 5.2 is color coded to separate phases of
the morcellation procedure. These phases are equal to those defined in the
Morcellator Functionality chapter (Ch. 4) at the Time-action analysis (see
figures 4.4 and 4.27). To recap, these are:

� Tissue manipulation. This phase entails engaging and moving the tis-
sue mass in such a way that it is correctly presented to the morcellator
dissection method. This phase relies heavily on the skill of the sur-
geon, as in the case of the standard type of morcellator, the tissue is
manipulated with a single grasper disposed through the morcellator.

� Morcellator on-time. Once the tissue is correctly presented to the dis-
section method, the morcellator is activated to cut the tissue. Simul-
taneously the surgeon manually transports the tissue through the in-
strument. Note that this process may be automated in future designs,
but in the current standard morcellation procedures the functionality
of the instrument combined with the skill of the surgeon on how to use
it together influence the time and effectiveness of this phase.

� Tissue deposit time. The depositing of the tissue is a time-wasting pro-
cess which, in the current standard morcellation procedure, the surgeon
needs to do manually. Note that also here this process may or may not
be automated in future concepts.

With the problem decomposition scheme presented in figure 5.2 both the
separate components which make up the morcellator and the user influence
(i.e. the surgeons skill) can be analyzed. There are four inputs: two separate
energy sources, one activation signal, and a force. All these inputs combine to
achieve externalized morcellated tissue as an output, which is then deposited
to allow the process to start anew. The first energy input is stored and/ or
accepted and transmitted to a component which translates the energy into
dissection energy. This dissection action is activated through the activation
signal (second input) being transmitted through a trigger tool operated by
the surgeon. The third input, the force, is applied to the tissue mass in order
to eventually engage the tissue mass with the dissection method. The result
of the first and third input paths combine eventually to apply the dissection
energy to the tissue mass. While cutting tissue, it is necessary to translate
the tissue out of the body either simultaneously or after all the tissue has
been cut. This could be accomplished with the already applied force (input
3), but also through some other means of automatic transportation. Thus a
fourth input channel is added to again store and/ or accept energy, translate
this into translational energy and apply this to the tissue mass which is being
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dissected. The result is a loop or a one-time interaction between cutting the
tissue and translating it through/ past the dissection method. The end result
is externalized morcellated tissue, in any size or shape, which subsequently
is deposited.

Now looking at the standard morcellation procedure, as tested in the
previous chapter (Ch. 4), and color coding it to the separate phases, one
sees a clear time distribution. First the surgeon engages and manipulates
the tissue (third input path; blue), then activates the morcellator (first and
second input paths; red) and dissects the tissue while transporting it away
(fourth input path; blue, and internal loop; red&blue). Finally the tissue
is externalized and deposited (external loop; green). The blue components
heavily rely on the user, and the red components are mainly mechanical
components of the instrument. For optimization of the scheme, one could
try and reduce the influence of the surgeon on the process, and automate
those components which can be performed faster and more time efficiently,
while not compromising safety.

For each separate component of the problem decomposition a brainstorm
tree can be created. Figures 5.3 through 5.7 are the obtained results. Note
that these brainstorm trees have, after being created, been revisited to limit
their size and to remove those options which were deemed too implausable.

In figure 5.3 a list of dissection methods are displayed divided over me-
chanical, electrical, temperature and other fields. The mechanical dissection
of tissue entails cutting with a blade with any type of geometry. Electrical
cutting can either be done monopolar or bipolar and thermal methods in-
clude cautery, diathermy and cryosurgery. Lastly, various other dissection
methods include ultrasonic cutting, waterjet ablation and laser and plasma
cutting. It is beyond the scope of this thesis to describe each cutting method
in detail. For this, one can refer to [98]. Note that the cutting techniques
which have not been placed in the mechanical, electrical or temperature sub-
divisions may have combined cutting mechanisms. For example: ultrasonic
cutting (e.g. ultrasonic scalpel) depends on mechanical vibrations applied
to a metal rod at around 23.5 to 55.5 kHz with an amplitude between 50
and 200 µm, where the distal tip of this rod is brought into contact with
tissue [99, 100]. Cells are fragmented, cavitation occurs, and intense heat is
generated. For this reason, ultrasonic cutting must be viewed as a combined
cutting technique, and thus cannot be placed solely under the mechanical or
temperature sections.

The (few) methods by which to transmit an activation signal to the dissec-
tion method are displayed in figure 5.4. The current morcellation instruments
are all activated manually, either by hand or by foot, but one can also contrive
a way of activation by using a sensor. Also note that the manual activation
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Figure 5.3: Input path one (energy). Translation of energy into dissection
energy and application to tissue mass.

Figure 5.4: Input path two (activation signal). Types of trigger methods to
relay activation signal to tissue disection application.

Figure 5.5: Input path three (force). Methods by which to engage and apply
force to the tissue mass.
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Figure 5.6: Input path four (energy). Methods by which to translate energy
into translational energy and applying this to the dissected tissue.

Figure 5.7: Input path one and four (energy). Energy sources for tissue
dissection and/or tissue transport.
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Figure 5.8: External loop. Methods of tissue deposition.

does not necessarily need to be activated by the surgeon him/her-self.
Ways of engaging the tissue mass and applying one (or multiple) force(s)

to it to position it correctly with respect to the morcellation instrument
are shown in figure 5.5. Due to the limited space available when operating
minimal invasively, there are only few realistic applicable options available.
A golden rule in this respect is that the technique needs to allow for some
measure of surgeon influence to be able to cope with the large variety in
surroundings (i.e. differences in patients).

Once (part of) the tissue is dissected, there needs to be some means of
tissue transport to allow more tissue to come into contact with the cutting
mechanism while removing the already cut tissue. Thus some form of trans-
lational energy needs to be applied to the dissected tissue. Those options
obtained through brainstorming are displayed in figure 5.6.

The methods describe above in figures 5.3 and 5.6, which rely on some
form of energy (electrical or otherwise) need to be supplied with an energy
source. Therefore, the options available for these systems are displayed in
figure 5.7.

Lastly, in the external loop in the problem decomposition scheme, the
dissected tissue needs to be deposited in some manner either manually or
automatically. The method by which this is done largely depend on both the
dissection mechanism chosen in figure 5.3 and accompanying tissue transport
mechanism in figure 5.6. The options are shown in figure 5.8.

5.2 Concept generation

From the brainstorm trees in the previous section, one can generate concepts.
Putting all the various options in an oversight table gives table 5.1.
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Table 5.1: Concept Generation table. Combine one item from each row to obtain a potential concept.

Function decomposition
items

brainstorm items

A) Dissection method
Mechanical Electric Temperature Other

1) rotating or 2) vibrating blade
(sharp/waved/teeth)

3) Monopolar
4) Bipolar

5) cautery
6) diathermy
7) cryosurgery

8) ultrasonic
9) waterjet
10) laser
11) plasma

B) Trigger tool
Automatic Manual

1) sensor
2) handtrigger
3) footswitch

C) Tissue manipulation
Push/Pull Pressure

1) grasper
2) suture/wire
3) bag

4) air under/overpressure
5) irrigation

D) Dissected tissue
translation

Push/Pull Pressure Friction Electrical
1) grasper
2) suture/wire
3) hook(s)
4) wheels with hooks
5) wire(s) with hooks

6) air under/overpressure
7) irrigation

8) treadmill
9) auger
10) wheels

11) solenoid
12) linear motor

E) Energy sources
Chemical Pneumatic Hydraulic Electrical Manual

1) fuel-air system
2) combustion system

3) pneumatic (rotary)
4) actuator

5) hydraulic cylinder
6) wall outlet/generator
7) battery

8) muscle power

F) Deposit morcellated
tissue

Automatic Manual
1) autodeposit in reservoir
2) complete destruction

3) grasper
4) clips (limited reservoir)



In order to generate an actual concept, one can combine items from table
5.1, and attempt to design an instrument. It can be the case that at times
certain items do not allow for efficient combination, or aren’t even able to
be combined at all. Such combinations must then be neglected in favor of
other options. Moreover, certain options, which were noted down at the
brain storm session, may in hindsight be removed due to safety and/ or
feasibility constraints. In the following subsection, each of the six function
decompositions items (A through F) will be discussed. Various concepts
deducted from this table will not be given. Instead, an in depth discussion
into the decision making process is presented.

5.2.1 Tissue dissection

The most commonly used morcellator, the Gynecare Morcellex (see appendix
A), is based on the following items: A1/B23/C1/D1/E6/F3 (Note that B23
means that both B2 and B3 can be used, depending on the surgeons prefer-
ence). The speed and efficiency of the morcellation process with this instru-
ment relies on both the device’s cutting efficiency and the surgeons skills, as
seen in the Morcellator Functionality assessment chapter (Ch. 4). For this
reason, first a critical look will be taken at the cutting mechanism. The in-
formation provided here is largely obtained from a literature study into ’Soft
tissue dissection techniques’ [98].

As seen in table 5.1, there are multiple ways of cutting tissue. But many of
these methods have disadvantages to them with respect to morcellation pur-
poses. Firstly, let us look at the thermal cutting techniques (A5-7): cautery,
diathermy and cryosurgery. Cauterization (A5) is the process of burning
tissue in order to destroy tissue layers and arrest excessive bleeding. There are
two main types of cauterization. These are electrocautery, where through the
use of electricity running through an conductive object (e.g. probe or wire)
heat is generated to cut and/ or coagulate, and chemocautery, which is the
application of caustic substances to produce chemical burns. At this method,
the burning tissue produces smoke which can obstruct the vision of the sur-
geon. Diathermy (A6) is a collective term, referring to therapeutic tissue
heating techniques without actual resulting tissue destruction. Three types
of diathermy are: 1) radiofrequency- and 2) microwave diathermy, where use
is made of electromagnetic tissue heating (27.12 MHz) and microwaves (915-
2450 MHz) respectively, and 3) ultrasound tissue heating, which uses acoustic
vibrations (800-1000 kHz). While both cautery and diathermy can dissect
tissue, they do not posses adequate speed for the application of large tissue
mass debulking. For this reason, these heating techniques can be removed
from the concept generation table. The last thermal cutting technique is
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cryosurgery (A7), which is the application of extreme low temperatures to
tissue in order to destroy cellular structure. The measure of tissue destruc-
tion largely depends on the used cryogen (standard is liquid nitrogen with
-196 ◦C) and the type of freeze-thaw cycles applied to the tissue. Though
the underlying mechanism of the tissue destruction is fairly complex, it can
be summarized that this method is most effective for ablating and treating
certain tissue disorders, and not as an actual tissue dissection method during
surgical procedures. For this reason, cryosurgery can also be negated as a
viable morcellation dissection technique. [101–103]

Continuing with the electric cutting modalities, there is both monopolar
and bipolar surgery. Both methods rely on the principle of tissue heating
through the application of a high density current (heat is generated due to
the resistance from the biological structures). The difference between the
two methods lies in the placement and geometry of the active and return
electrodes. At Monopolar electrosurgery (A3), current is sent from a
small active electrode through the body to a large remote ground plate/ re-
turn electrode. The cutting efficiency of this method is dependent on the the
geometry of the small active electrode, the current waveform (continuous vs.
intermittent = pure cutting vs. coagulating), the treatment duration and
the tissue characteristics, such as thermal resistance and thermal convec-
tion [104,105]. Bipolar electrosurgery (A4) relies on the same dissection
principle as monopolar electrosurgery with the main difference that the re-
turn electrode is located near the active electrode, and is also of a (usually
similar) small shape. This close proximity between electrodes means that
the current density is locally confined, and that usually both electrodes cut
and/ or coagulate. Compared to monopolar tools, bipolar instruments have
a reduced cutting ability, often necessitating an integrated grasper or blade
to dissect tissue. This also means that performance factors, such as tissue
contact, pressure levels, waveform selection and application duration have
a significant influence on the dissection efficiency [106–108]. To summarize,
both methods can be used for morcellation due to their potential for quick
tissue dissection. There are some disadvantages to these methods, one being
the production of smoke due to high-temperature pyrolysis of tissue (thermo-
chemical decomposition at elevated temperatures in the absence of oxygen).
This surgical smoke, produced in a closed environment, contains several toxic
chemicals (hydrocarbons, nitriles, taffy acids, and phenols), their effects un-
known on the patient, but potentially harmful [109]. Moreover, the smoke
has the potential for obscuring the vision of the surgeon, thereby creating
hazardous situations [110].

There are many mechanical tissue dissection (A1&2) techniques,
such as cutting, grinding, tearing, sanding/grating etc. But of those, only
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cutting gives the required speed necessary for morcellation, while keeping
the tissue in adequately consistent state for histological evaluation. Cutting
tissue can be done with any type of blade (sharp, waved or teeth edge), and
with any number of blades (e.g. scissors), as long as the blade(s) is(/are)
sharp enough. At the same time, the actuation of the blade needs to provide
enough pressure and movement to effectively slice tissue. One option is
to manually handle the blade, as some of the old morcellators worked in
the past [62], but this is difficult and slow work. Instead, the blade can
rotate or vibrate at a rapid speed. Most current morcellators work with a
rotating circular blade (around 1000 RPM), and the main differences lie in
their blade geometry and instrument ergonomics. A disadvantage to these
current instruments relying on the rotating cutting blade, is that the rotary
motion is partly transfered to the tissue mass through friction, as described
in the Literature chapter (Ch 2, subsection 2.2), causing the surgeon to lose
control over the tissue mass with his grasper. As a result the tissue mass is
torn away from the cutting blade, and flung about the abdominal cavity in
one or more tissue fragments. Having a vibrating blade could possibly solve
this problem, but might have a lower cutting efficiency. The amplitude and
vibration frequency of the blade would presumably be the primary influencing
factors.

Lastly, discussing the residual dissection methods, we start with ultra-
sonic (A8) cutting. As already previously shortly discussed, ultrasonic cut-
ting (with e.g. an ultrasonic scalpel) depends on mechanical vibrations (in-
duced by piezoelectric actuators) applied to a metal rod at around 23.5 to
55.5 kHz with an amplitude between 50 and 200 µm. When the distal tip
of this rod is brought into contact with tissue [99,100], cells are fragmented,
cavitation occurs (if the tissue has a high water content), and intense heat
is generated. This dissection method limits the amount of tissue damage to
predominantly the grasped/touched tissue, thereby making the method very
tissue selective. But the application time of the tip to the tissue needs to be
relatively high, in the range of 1 to 5 seconds [99], and thus this method is
too slow for morcellation applications.

Continuing with waterjet cutting (A9), one can distinguish two types
of waterjet methods; Plain Waterjet (PWJ) and Abrasive Waterjet (AWJ).
Waterjet cutting is at its fundamental level, a mechanical dissection tech-
nique. This is because tissue is dissected through the administration of large
amounts of kinetic energy. Water is accelerated with the aid of a pump and
a nozzle respectively. The shape and quality of the cut surface depend on
tissue properties, the geometry of the nozzle, the water pressure, the jet-to-
surface angle, and the application distance [98]. At AWJ, abrasive particles
are added to the waterjet to increase the cutting efficiency, for means of
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cutting through harder materials (e.g. cortical bone, bone cement, etc.).
Note that irrigation is necessary to prevent fluid build-up. As a morcella-
tion dissection method, waterjetting does qualify due to its adequate speed
and tissue selectivity (i.e. only tissue placed into the path of the waterjet is
cut), but the removed tissue needs to also be able to go to histological eval-
uation. Thus when designing a morcellation instrument with this cutting
modality, it is not allowed to destroy all the tissue (read: liquefy), like was
done by Varkarakis et al., 2004, [12]. Instead, the waterjet can only be used
for selective tissue cutting to debulk the tissue mass.

The next working modality, laser (A10) cutting, is a fairly complex
method due its various tissue impacts. A laser (Light Amplification by Stim-
ulated Emission of Radiation) is a device which produces a coherent bundle of
electromagnetic radiation. The characteristic properties that describe laser
impact largely depend on the applied wavelength and whether the laser is
used in a continuous or pulsed fashion. With the continuous wave mode the
power selected is distributed continuously during emission. With the pulsed
wave mode, high power pulses of short duration are delivered at a constant
frequency [111]. The laser beam penetration is characterized by the wave-
length dependent optical density (absorbance) of a tissue [112]. A portion
of the beam is reflected at the tissue boundary, and the remainder enters
the structure. The light that enters is susceptible to absorption, scattering
and remission [113]. Of these three, usually absorption is the predominant
factor influencing tissue damage. At lasers in the visible and near-infrared
spectrum, light scatter becomes a significant factor as well, and light may
penetrate tissue for several millimeters [112,114]. A secondary tissue damag-
ing effect is heat spread through conduction and convection within the tissue.
Depending on the power density, tissue will either have rapid superficial tis-
sue disruption and charring (high power density), or permit deep energy
penetration and coagulation (low power density) [115]. For the purpose of
morcellation, only the high power density rapid superficial tissue destruction
mode is a realistic option. But again the same limitation as at the waterjet
cutting applies; i.e. the tissue needs to be able to be histologically evaluated
after removal. And thus total tissue destruction is not an option. Instead, the
laser bundle can only be used for selective tissue cutting in order to debulk
the large tissue mass.

Lastly, at plasma (A11) cutting, an intermediate medium (usually noble
gases, such as helium and argon) is excited in an electric arc to produce
a mixture of free electrons, ions and excited radicals, in order to transfer
energy to tissue. Some devices make use of a saline environment to produce
plasma in three subsequent steps [116]; First water is heated with a ionic
current through the physiological medium. Then second, isolation of the
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electrode from the conductive fluid results from proximal vaporization and
manifests itself by a decrease in current and an increase in impedance. Lastly
then ionization of the vapor occurs around the electrode to maintain the
current flow. By gradually increasing the voltage, a transition phase is found
from thermal heating by Joule dissipation to the formation of plasma. This
transition depends on the current density and is associated with a drop in
electrical power and temperature as shown for the Coblation device in figure
5.9 [17].

Figure 5.9: Electric power and tissue temperature as function of voltage
setting for Coblation device [17]

From figure 5.9 one can deduce that at a voltage level below the transition
phase, the tissue is affected by thermal heating of the physiological medium,
and above the transition phase through plasma cutting. Additionally, if the
tissue has a sufficiently high conductivity, direct heating by current con-
duction (similar to monopolar electrosurgery) may occur. Given adequate
intensity and exposure time, plasma can induce either cell apoptosis (nat-
ural cell death/ programmed cell death (PCD)) or necrosis (traumatic cell
death) [117]. But the main cellular destruction takes place due to induced
cavitation, i.e. the formation of small bubbles due to rapid pressure changes
and subsequent implosion of these bubbles, thereby applying destructive me-
chanical energy to the tissue. Selection of a suitable pulse waveform can
influence this process. Choosing pulses much shorter than the typical life-
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time of cavitation bubbles (<few hundred microseconds) can induce signifi-
cant mechanical damage [116]. Thus, plasma cutting is, for the purpose of
morcellation, the most efficient in the coblation range where significant cavi-
tation is induced. But note that there are limitations to the probe geometry,
in order to even induce the plasma cutting, and a custom environment needs
to be applied (i.e. a medium).

To summarize, table 5.2 is given which shortly states the advantages
and disadvantages to the various dissection techniques, and the resulting
verdict whether it is a realistic option as morcellation method. There are six
possible dissection methods: 1) rotating cutting blade, 2) vibrating cutting
blade, 3&4) Monopolar and bipolar electrosurgery, 5) waterjet cutting, and 6)
laser cutting. Considering the current morcellators already use the rotating
cutting blade, and one wants to prevent the accompanying problem of tissue
being flung around the abdominal space due to transfered rotary motions to
the tissue mass, we shall not use this cutting modality. Moreover, recently a
morcellator, making use of the bipolar electrosurgical cutting modality [118],
has come to the market, which has noted problems with respect to smoke
production [110,119]. Note that the instrument does have two different sized
electrodes (the blade is the active electrode, and the grasper the ground), and
depending on what one defines monopolar electrosurgery, this instrument can
also be viewed as using monopolar electrocutting. Because of the need for a
novel morcellation instrument which also bypasses the smoke problem, both
electrosurgical cutting modalities will also be neglected for new morcellator
concept generation. This leaves vibrating cutting blade, waterjet cutting and
laser cutting as the remaining options.

5.2.2 Trigger Tool

Activating the dissection method can be done either manually with a trigger
tool, or automatically with a sensor. The choice for which method to in-
corporate in the morcellator design depends on both the surgeons preference
and the safety involved in using the instrument. Accidental activation of
the instrument can lead to unintended tissue structures destruction, and can
necessitate the conversion of a minimal invasive procedure into a laparotomy.
Thus, when opting for automatic activation of the dissection method, reli-
ability and safety are critical aspects. Using a sensor which registers tissue
presented to the cutting mechanism, and subsequently activating this instru-
ment, is an option. But this sensor is not allowed to activate the mechanism
when accidentally presented with tissue which needs to remain intact; for ex-
ample: if the instrument is brought into contact with intestines. Moreover,
during debulking tissue, the instrument needs to be able to be shut down
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Table 5.2: Advantages and disadvantages to the various dissection techniques
presented in table 5.1

Dissection method Advantages and disadvantages usable?

Rotating blade
Pros: High cutting efficiency, continuous dissec-

tion
yes

Cons: Rotations transfered to tissue, causing tis-
sue spread

Vibrating blade
Pros: Continuous dissection

yes
Cons: Cutting efficiency dependent on vibration

amplitude and frequency

Monopolar
Pros: Adjustable cutting efficiency, continuous

dissection
yes

Cons: Smoke production, necessary ground pole
(i.e. closed circuit)

Bipolar
Pros: Adjustable cutting efficiency, locally con-

fined current density
yes

Cons: Reduced cutting ability (compared to
monopolar), needed integrated grasper
or blade, efficiency dependent on perfor-
mance factors, smoke production

Cautery
Pros: Continuous dissection

no
Cons: Slow dissection, smoke generation

Diathermy
Pros: Tissue selective

no
Cons: Slow dissection, no actual cell destruction

Cryosurgery
Pros: Tissue selective, useful against treatment

of tissue disorders
no

Cons: Not applicable for tissue dissection, high
risk in MIS* environment

Ultrasonic
Pros: Tissue selective

no
Cons: Slow dissection

Waterjet
Pros: High cutting speed, tissue selective

yes
Cons: Necessary irrigation, only allowed as selec-

tive cutting modality (tissue needs to re-
main histological interpretable)

Laser
Pros: Adjustable cutting efficiency

yes
Cons: Only allowed as selective cutting modality

(tissue needs to remain histological inter-
pretable)

Plasma
Pros: Efficient tissue destruction in coblation

range
no

Cons: Required intermediate medium, limita-
tions to probe geometry

*MIS = minimal invasive surgery
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instantly in case of accidentally cutting healthy tissue or a sudden loss of
pressure causing the abdominal environment to rapidly deflate. For these
reasons it is best to keep the activation and deactivation of the morcellator
as intuitive as possible, and in the hands of experienced surgeons. As such,
for novel morcellator, the current standard finger or foot trigger will be used.

5.2.3 Tissue Manipulation

Handling the tissue mass compromises a large part of the morcellation pro-
cedure, as was proven in the Morcellator Functionality chapter (Ch. 4). For
this reason the surgeon needs to be able to intuitively manipulate the tissue,
and be able to cope with varying morphology. Thus the main criteria on
which to judge the various methods of tissue manipulation are reliability,
versatility and how intuitive the instrument is to handle.

As shown in table 5.1, there are several ways of manipulating tissue: 1)
grasper, 2) suture/wire, 3) endoscopic bag, 4) air under- or overpressure, and
5) irrigation. The grasper is the current method in use, for the very obvious
reason that graspers are very versatile in use and surgeons, proficient in
minimal invasive procedures, are very capable in handling them. Another
way of manipulating tissue is through a (suture) wire. While the current
morcellators use a grasper to pull tissue against and through the morcellation
tube with a circular rotating cutting blade at its distal end, it is possible to
replace this grasper, which might at times not have a adequate grip, with a
suture placed through the tissue and pulling this up the tube. A suture wire
with barbs would ensure adequate grip on the tissue, and is also fairly tissue
selective (i.e. only tissue is morcellated which is attached to the suture). This
advantage does come at the cost that the method is less intuitive in usage
with respect to a grasper. Further more, there is the risk of accidentally
cutting through the wire with the morcellation dissection method, and also
the added procedure time in placing the suture in the tissue. Assessing
the benefits versus the disadvantages, it has been decided to remove the
application of a suture (or wire) for tissue manipulation from the list of
options.

The application of an endoscopic bag is not new to the field of minimal
invasive surgery. It is often employed for intact specimen retrieval, and some-
times for test setup purposes. Using it to entrap tissue and force it into the
morcellator is a viable option. Even though this method might not be very
intuitive in its usage, the bag can create a closed and controlled environment,
which could be inflated (with air or fluid) to increase morcellation efficiency,
as suggested in Arkenbout et al., 2010 [23].

Tissue can be also manipulated with air pressure. For example, through
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underpressure/ suction, the tissue can be engaged and pulled up to the mor-
cellator. This method is elegant and non-traumatic (which is not necessary
for morcellation), but has the disadvantage that once the tissue mass has an
distorted shape, it might be difficult to obtain a reliable airtight connection.
Moreover, there is the danger of blood and tissue clotting up the suction
channel, possibly interfering with the reliability of the instrument. For these
reasons, air underpressure will not be used for further designing. This leaves
air overpressure and irrigation as remaining options. Though they would
not be feasible for use in the abdomen, inside a closed environment (e.g. an
endoscopic bag) they might be applicable for creating an air- or fluid flow
such that tissue is automatically brought to the dissection method of the
morcellator.
Reviewing the tissue manipulation options, it has been chosen to keep the
grasper and the endoscopic bag, with or without a fluid or gas overpressure
environment (i.e. irrigation), as realistic possibilities. The remaining options,
suture/wire and air underpressure, will be discarded.

5.2.4 Dissected tissue translation

Theoretically one can perform a morcellation procedures in one of two ways;
one can either first debulk the tissue mass into adequately small tissue pieces
and remove them all afterwards, or, option two, debulk tissue and remove
the tissue debris in an alternating fashion. Thus the first method is phased
differently (step 1: debulk, step 2: remove) then the second method (alter-
natingly debulk and remove). The current morcellators all use this second
method, because the first method has two large disadvantages to it, the first
one being that the method restricts the amount of space the surgeon has
available in the abdominal cavity, because the debulked tissue strips need to
be stored before they are all removed. Thus they take up space, which can
be a problem at overly large uteri at hysterectomies. Secondly, it is relatively
easy to lose a tissue piece in the abdomen, which when unnoticed and left
behind could cause inflammation, necrosis, etc., necessitating a second oper-
ation. Therefore alternating debulking and removing tissue is the preferred
method. Yet a continuous morcellation process would be even more benefi-
cial, i.e. a continuous debulking and removal process where the surgeon does
not have to deposit tissue pieces time after time (like at the current morcel-
lators). This would only be possible if the dissected tissue transport becomes
automated. In table 5.1 several alternative options are given to transport the
tissue through the morcellation instrument.

The first set of options (D1-5) are purely mechanical in nature, i.e. with
graspers or hooks. The standard method uses the grapser, but one can
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imagine the use of a suture or wire, as discussed in the subsection on Tissue
manipulation (section 5.2.3) to pull the tissue through the tube manually.
Yet this method could be too unpredictable, because the wire would need to
pass through the dissection method while remaining intact. An alternative
might be the application of a (fishing type) hook on the distal end of a rod.
This could make engaging the tissue mass easier and is also relatively easily
moved past the dissection mechanism. Yet, the same problem would persist
as with the grasper, i.e. the tissue is grasped/hooked at the tip of the slice
of tissue as it is being dissected. This means that for longer tissue strips, the
surgeon has less control over the movements of the main tissue mass still in
the abdomen unless a second grasper is used for stabilization (see subsection
2.2). To circumvent this problem, one could try to remove the surgeon from
the process and implement an automated transportation system (D4,8,10).
For example: with (mini-)wheels placed inside the morcellation tube, with
adequate friction or small hooks, the tissue could be pushed upwards. The
same idea could be implemented with a treadmill with sufficient friction. The
advantage to such a system is that it might prove faster than the manual
method used currently, so long as the contact between the tissue and the
treadmill/wheels is reliable. Due to varying morphology, this might become
an issue, especially at small tissue pieces (because the instrument is designed
for large amounts of tissue). An automated tissue transport mechanism
can thus only be used in a design if full reliability of tissue contact and an
adequate transport speed can be guaranteed.

As already discussed in the Tissue manipulation section (5.2.3), the cre-
ation of a custom environment in an endoscopic bag is a realistic option for
controlling the tissue mass and bringing it to the cutting method. Through
suction applied over the morcellation tube, the tissue can be pulled through
the tube, provided that there is no leakage past the tissue strip. But, due
to the peeling principle this is not possible; in order to peel tissue off the
main tissue mass, there needs to remain a blunt edge which skims over the
surface of the mass, and thus there is always a direct link between the in-
and outside the morcellation tube. It is therefore required to create a cus-
tom overpressure environment behind and around the tissue mass, creating
an air- or fluid flow into the cutting mechanism and through the tube, to
make sure that the tissue mass is always pressed towards the cutting end.

There are two electrical options. These are the solenoid (D11) and a
linear motor (D12). A solenoid is a coil wound into a tightly packed helix
which produces a magnetic field when an electric current is passed through it.
Specifically, the solenoid is designed to produce an uniform magnetic field.
The result is that a Lorentz force exists; the force acting on a positively
charged particle due to electromagnetic fields. This force can be used to
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transport material through the center of the solenoid. For the purpose of
tissue translation this means that one or multiple anchors, on which the
Lorentz force applies, on the tissue mass are needed to pull the tissue along.
Alternatively, some biocompatible metallic fluid could be implemented to
make the tissue itself be subject to the Lorentz force. The force and speed
with which material can be transported through the center of the solenoid
depends on the current, the amount of turns (of the coil) and the cross-
section of the coil. This force is in general small and only useful over short
distances, which is the reason they are mostly implemented for short-stroke
linear motion actuators, with a movable plunger as the working element
[120]. Because one needs a continuous tissue transportation method, the
solenoid can thus not be used as a transport option for a novel morcellator.
A similar reasoning is applicable to the use of a linear motor, because that
also uses a plunger which makes a certain limited stroke. In short; the
electrical transportation options are insufficient.

Finally, an auger (D9) can also be used as a transport mechanism. In a
previous research and prototype this option has been attempted; only par-
tially successfully. In Appendix B a summary of this prototype design and
its operating method together with a comparison to the current morcellation
standard is given. An auger has very large flutes through which material is
transported, and is usually always used on dry and (relatively) brittle ma-
terials. Applying it to tissue does not provide the same results, mostly due
to the level of water content of the material. Tissue has a tendency to stick
to the drill instead of moving through the drill flute. Thus tissue is only
pushed upwards when more material is entering the flute, which results in
an eventually fully filled auger. In figure 5.10, a photograph is shown of the
auger of the prototype (disassembled from the instrument) after morcella-
tion, without having been cleaned. Note that in the prototype an opening is
located at the end of the flute of the auger, allowing tissue to be deposited
in a plastic bag. Yet the bulk of the tissue clings to the auger. Furthermore,
the tissue which is presented to the tip of an auger (or any drill bit for that
matter) does not automatically get drawn into the drill, but rather needs
to be forced into it. The prototype presented in the appendix works on the
principle of slicing tissue off a mass and entrapping it within a tube, after
which the auger is applied to the tissue. Note that thus in this situation the
tissue does not have any other option than being drilled and transported with
the auger. But the tissue is distorted in such a heavy way, that histological
evaluation and/ or reconstruction of the tissue mass is impossible. For these
reasons, automated morcellation and transport through the use of an auger,
or any other type of drill bit, will not be used for a new morcellator design.
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Figure 5.10: Tissue morcellated with MITE (see appendix B); tissue is cling-
ing to the auger, resulting in inefficient automated tissue transport.

5.2.5 Energy sources

The different energy sources displayed in the concept generation table do
not need to be individually discussed. Instead they should be chosen based
on the best fit for the dissection and tissue transportation methods. Thus
if a mechanical force needs to be supplied, potentially a pneumatic or hy-
draulic actuation can be superior to the use of an electric motor or muscle
power. But when designing a system, one needs to keep in mind the operat-
ing room situation. Cables need to be kept to a minimum, and limited space
is available for equipment such as generators. Safety needs to be warranted
at any given time (basically removing the chemical energy sources E1 & E2
as options), loud noise systems can be a hindrance for communication, and
complex systems difficult to operate/ activate. Usually either muscle power
or electrical systems relying on batteries or a wall outlet are the best available
options.

5.2.6 Depositing morcellated tissue

Manual tissue depositing is the current standard method in use. Depending
on the tissue dissection and transportation method, the debulked tissue strips
can be deposited either manually or automatically. The manual method is
time intensive for the surgeon, and is a task which does not require any skill.
But the current morcellation instruments do need skill to be handled due to
the exposed cutting blade. Automatic depositing of tissue might therefore
be beneficial for the time-efficiency of a morcellator. But it can only be
implemented when automatic tissue transportation is also present.

5.2.7 Final designing options

With all the varying function decomposition items discussed with their var-
ious brain storm items, the concept generation table, 5.1, can be reduced in
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size to account only for the realistic options. This has been done in table
5.3. The primary design choices relating to morcellation have been chosen to
be the dissection method (item A) and the method of dissected tissue trans-
lation (item D). Both items have 5 options, resulting in 5 ∗ 5 = 25 designs.
The remainder of the necessary functions (B,C,E&F) can be chosen to best
fit the concept.

Table 5.3: Final distilled components of the Concept Generation table. Com-
bine one item from each row to obtain a potential concept. Primary design
choices are the dissection method (A) and the dissected tissue translation
(D), providing 25 potential concepts where the remaining functional items
(B,C,E&F) follow as best fit options.

Function decomposi-
tion items

brainstorm items

A) Dissection method

1) rotating blade
2) vibrating blade
3) electrosurgery
9) waterjet
10) laser

B) Trigger tool
2) handtrigger
3) footswitch

C) Tissue manipulation
1) grasper
3) bag (dry)
5) bag with irrigation

D) Dissected tissue
translation

1) grasper
4) wheels with hooks
7) irrigation
8) treadmill
10) wheels

E) Energy sources

5) hydraulic
6) wall outlet/generator
7) battery
8) muscle power

F) Deposit morcellated
tissue

1) autodeposit in reservoir
3) grasper
4) clips (limited reservoir)

In the next section the final design will be discussed. This design followed
from table 5.3 with A2/B2/C1/D1/E6/F3.

5.3 Final Design

In figures 5.11, 5.12 and 5.13 the 3D model of the design is shown. Re-
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member that this instrument is intended for transvaginal application, and
as such has a larger tube diameter compared to the standard abdominally
applied morcellators. The design is based on a rapid rotationally vibrating
cutting blade (table 5.3, A2). The method by which this motion is achieved
is through the use of an electric motor transferring its rotational motions
to a swivel-arm rigidly connected to the inner tube with the cutting blade
at its distal end. The exact design and the accompanying calculations will
be discussed in the following chapter (Ch. 6). The tissue is engaged and
removed through the use of a grasper, identical to the standard method al-
ready in practice. The reason for not attempting an automated form of
tissue transport is on account of the automatically accompanying low versa-
tility that comes with such an approach. Moreover, the surgeon needs to be
able to use the novel instrument intuitively. This does mean that the tissue
is also deposited manually, but theoretically this should take less time than
at the standard morcellators because fewer and larger tissue strips ought to
be removed. The cutting blade is activated when the surgeon pulls back
the trigger which is directly connected to the outer tube of the instruments.
Thus pulling the trigger slides the outer tube backwards, thereby exposing
the cutting blade to a certain (adjustable) degree (as depicted in figure 5.13)
and simultaneously activating the electric motor with a trigger mounted in
the instrument (not shown in the SolidWorks model). The electric motor is
connected through an adapter to an external power outlet. The cutting prin-

Figure 5.11: 3D design of the morcellator prototype, made in SolidWorks.
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Figure 5.12: Side, back and top view (left, right and top respectively) of the
3D modeled prototype in Solidworks.

Figure 5.13: Outer sheath designed to slide respective to the vibrating inner
blade. Due to the difference in angle of the tips, a variable cutting edge can
be created to facilitate the motor peeling principle in various degrees.
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ciple relies on the same tissue peeling principle as the current standard (see
figure 2.13), but with the main difference that it achieves this transvaginally
with a larger tube diameter. This causes the tissue strips which are peeled
off the tissue mass to be larger, thicker, and less prone to tear off the main
tissue mass, making the peeling method more reliable and potentially limit
the amount of tissue scatter.

In order to achieve some degree of adjustability in setting the maximum
allowable cutting edge as shown in figure 5.13, a mechanism will be imple-
mented, manually tunable with a small knob at the back of the instrument,
which translates a plate embeded within which changes the maximum allow-
able outer tube translation. This has been schematically displayed in figure
5.14.

Figure 5.14: Schematic representation of the mechanism which controls the
maximum allowable exposure of the cutting blade. A turning knob at the
back of the instrument allows translation of a plate inside the mechanism
which sets the maximum displacement for the outer tube and finger trigger.

In the next chapter, the prototype is displayed, and a more in depth
analysis is given into the working principles of the inner mechanisms.
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Chapter 6

Prototype

In this chapter, first the prototype itself will be shown and discussed. Fol-
lowing this, some calculations are given relating to the cutting blade and
the chosen electric motor, followed by an explanation on the cutting blade
geometry.

6.1 Fabricated prototype

In the top photograph of figure 6.2 the separate components which make up
the prototype are shown. Assembling these components into their separate
sub-assemblies gives the bottom photo in figure 6.2. The full instrument,
with and without its casing, is shown in figure 6.3.

The amount of exposure of the cutting blade as shown in the SolidWorks
model in figure 5.13 is again shown in figure 6.1. This amount of blade expo-
sure can be adjusted by twisting a knob at the back of the instruments, which
rotates a threaded axle. On this axle a blocking plate is mounted, guided by
two of the assembly axles, which can be moved forward or backwards depend-
ing on the rotation direction of the knob. By twisting this knob, the user can
thus translate the plate to any desired location, as schematically shown in the

Figure 6.1: Outer sheath designed to slide respective to the vibrating inner
blade. Due to the difference in angle of the tips, a variable cutting edge can
be created to facilitate the motor peeling principle in various degrees.

103



Figure 6.2: Separate components (top) and sub-assemblies (bottom) of the
prototype. Each subassembly represented a separate step in the prototyping
stage. (# components = 37, excl. axles & electronics)
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Figure 6.3: Photographs of the prototype without (top) and with (bottom)
its cover (note: motor is covered in both photos)
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previous chapter (figure 5.14). This location directly determines the amount
of maximum translation possible of the outer tube and the finger trigger pin,
and thereby thus also the maximum allowable exposure of the cutting blade.
By pushing the trigger pin backwards, the outer tube is slid backwards and
the trigger pin plate (which rigidly connects the outer tube and trigger pin)
hits the pulse switch (small red knob). This activates the motor which makes
the cutting blade vibrate. Releasing the trigger pin allows the spring to push
back the trigger pin plate, thereby covering the cutting blade and discon-
necting the power supply to the motor. This mechanism thus simultaneously
acts as a safeguard because the blade can only be active as long as the sur-
geon is actively keeping the trigger pin pushed back. Moreover, the surgeon
intuitively knows the amount of exposure of the cutting blade, because the
distance which the trigger pin travels is directly equal to the amount of blade
exposure.

6.2 Vibrational mechanism and electric mo-

tor calculations

In order to efficiently cut tissue, the necessary torque to be delivered by
the electro-motor in a worst-case-scenario needs to be calculated in order
to assure that the cutting blade will not stall. In the following schematic
representation of the morcellator, a load of 30N is applied tangential to the
cutting blade. The stall torque applied to the cutting blade can be defined
as Tstall = Fmaxr, where r is the moment arm equal to half the cutting blade
diameter and Fmax the maximum allowable force applied to the blade. In
figure 6.4, this is schematically displayed. The motion described by the elec-
tric motor, and the transfer of this rotary motion into an angular vibration
is shown in figure 6.5. A pin, placed off-center relative to the rotational axis
of the electric motor, is rotated, and pushes a swiveling arm alternating left
and right while translating up and down in a groove.

The load Fmax needs to be overcome by the electric motor. But it should
be taken into account that due to the motion conversion, the torque applied
by the electric motor is not always fully utilized. As is displayed in figure
6.5, the force generated by the torque of the motor is always tangential to
the circular motion. In order to calculate the effective force with which the
electric motor pushes the swivel arm left and right, first an angle, β, between
the force, Fm, and the centerline of the swiveling arm needs to be determined
as a function of the rotation γ of the motor. In order to find this, first the
angle α, which is the rotation angle of the cutting blade, needs to be stated
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Figure 6.4: Schematic representation of a worst-case load applied to the
cutting blade, Fmax = 30N . For ease of interpretation, the electric motor
has been placed in parallel to the inner cutting and outer passive tubes.

as a function of γ. This is:

α(γ) = A(γ) arctan

(
L2

L1

)
, where A(γ) =

vvertical
v⊥

(6.1)

where L1 is the distance between the axis of the blade and the electric
motor, and L2 is the distance between the off-center pin and the axis of the
electric motor (see figure 6.4 and 6.5). v⊥ is the tangential speed of the off-
center pin equal to rω, where r is the radius equal to L2, and ω is the angular
velocity (rad/s). vvertical is the vertical component of the tangential speed
vector, and thus A(γ) is the normalized vertical speed profile of the off-center
pin, ranging between 1 and -1. Simplifying this gives A(γ) = sin(γ), whereby
follows:

α(γ) = sin(γ) arctan

(
L2

L1

)
(6.2)

Now that α(γ) is know, β(γ), the angle between Fm and the centerline of
the swivel arm, can be defined:

β(γ) = 90− (γ − α(γ)) (6.3)
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Figure 6.5: Schematic representation of the method by which the cutting
blade vibrates. A rotational motion, delivered by electric motor force Fm
(which can be resolved into vectors Fm⊥ and Fm‖, varying with motor angle
γ, with respect to the swivelarm), is translated into an angular vibration α

Figure 6.6: Torque generated by the electric motor through the swivel arm
to the cutting blade as a function of the motor angle γ, compared to the
worst-case-scenario stall torque. (MATLAB code: see appendix C.10)
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With angle β(γ), the force Fm can be decomposed into the forces per-
pendicular, Fm⊥, and parallel, Fm‖, to the centerline of the swivel arm. By
multiplying Fm⊥ with the length of the moment arm L(γ), from the point of
contact of the off-center pin to the center axis of the cutting blade, the torque
generated by the electric motor to the cutting blade through the swivel arm
can be determined. Thus:

Fm⊥(γ) =Fm sin(β(γ)) =
Tmotor
L2

sin(β(γ)) (6.4)

and

L(γ) =
√

(L2 sin(γ))2 + (L1 + L2 cos(γ))2 (6.5)

can be combined into:

T (γ) =Fm⊥(γ)L(γ) (6.6)

where Tmotor is the torque generated by the electric motor. Using the
parameters as indicated in table 6.1, a plot for the torque is given for one
motor revolution in figure 6.6. The electric motor chosen to be used in the
prototype has specifications as shown in table 6.2.

Table 6.1: Chosen parameters at worst-case-scenario stall load.
Parameter Value Parameter Value

L1 62 mm Fmax 30 N
L2 7.5 to 15 mm Pmotor 36 W
�blade 28 mm Motor speed 3700 RPM

Table 6.2: Motor specifications E-motor Olifant,(conrad.nl; nr. 240834 - 89)
(see appendix E).
Parameter Value Parameter Value
Avg. current consumption 30 N No-load current 0.34 A
Dimensions (� x l) 46 mm x 77

mm (ex. shaft)
Rated voltage 12 V/DC

Manufacturer number MN-462 Shaft length 7 mm
Power output 18 W Shaft-� 4 mm
Effective torque 49 Nmm Supply voltage 6 - 24 V/DC
Efficiency 66% Loaded motor speed 3500 RPM
Unloaded motor speed 4000 RPM Weight 330 g
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6.3 Cutting blade

The geometry of the cutting blade is different from that of the standard
morcellator. Where the standard blade is circular, and flat (seen from the
sideprofile), the new cutting blade is circular with an angular geometry.
In figure 6.7 one can compare the current standard to the novel design.

Figure 6.7: Morcellation blades. Left: Gynecare Morcellex. Right: novel
morcellation blade (note: external passive outer tube not included)

Figure 6.8: Trans-vaginal application of
the new morcellatordesign.

This new cutting blade is placed
under an angle because of its intra-
abdominal location. When trans-
vaginally positioning the morcella-
tor, the cutting blade is automati-
cally located at the bottom of ab-
domen, at the cul-de-sac. Viewed
from the side this is shown in fig-
ure 8.4. Because of the angle under
which the morcellator will enter
the abdominal space, it is danger-
ous to have a cutting blade equal in
geometry to the standard morcella-
tors, as it would cut straight down
into the large intestines. Placing
this blade under an angle is thus a
necessity for the safety of the pa-
tient. Furthermore, having the an-
gled blade vibrate allows more variation in the geometry of the blade itself.
Having a sharp blade, as is depicted in figure 6.7, is not the only option
available for this dissection method. Optimization of the cutting principle
through variation of the cutting blade is possible for future prototype gener-
ations.
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Chapter 7

Prototype evaluation

In this chapter, the prototype itself will be evaluated and compared to the
previously obtained data with the Gynecare Morcellex, and a time-action
analysis given. Even though only one porcine heart could be morcellated in-
vitro, it will be seen that the instrument shows potential. In the next chapter
(chap. 8) a discussion will be given, detailing the limitations in the test setup,
the inherent changes to the medical procedure when using a trans-vaginally
applied morcellator and the safety aspects involved.

7.1 Test setup prototype evaluation

An attempt has been made to test the prototyped instrument in the test
setup which was validated in chapter 4. In figures 7.1 and 7.2 the test setup
and the recorded laparoscopic video feed are shown.

As seen in the laparoscopic video figures, the standard camera angle is
insufficient to allow the surgeon constant vision on the morcellation blade.
When grasping the tissue, the mass is kept sideways to allow the surgeon
to maneuver the laparoscopic grasper. Once the a firm grip is obtained, the
tissue mass is pulled against the blade, effectively blocking the surgeons vi-
sion. Though the morcellator only starts cutting when the surgeon pulls the
trigger, which translates the protective blade cover backwards and activates
the blade, it is important to make sure that no other tissue structures are
accidentally cut. With a standard laparoscope this can only be done by first
making sure that the distal tip of the morcellator is clear of all structures
before engaging it with the tissue mass. Alternatively a laparoscope with
an angled 30-, 45-, or 135-degree lens or a flexible laparoscope, shown in
figures 7.3 and 7.4, could be used to obtain vision on the blade while mor-
cellating. Another issue which presented itself was the inherent difficulty in
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Figure 7.1: Laparoscopic images of prototype test. As seen, the tissue mass
(here: boiled porcine heart) obstructs the surgeons vision on the cutting
blade.

Figure 7.2: Prototype test setup with an experienced gynaecologist handling
the instrument and a doctor in training (dutch: AIOSKO - Arts In Opleiding
tot Specialist en Klinisch Onderzoeker) using laparoscopic graspers to present
the tissue mass to the surgeon.
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Figure 7.3: Operative Laparoscope
Angled Eye Piece 10mm [18]

Figure 7.4: Flexible tip laparoscope
[19]

working with a grasper which is inserted opposite of the camera angle, i.e.
going left on screen is going right in the actual world and visa versa. And
though the surgeon is experienced in minimal invasive procedures, this is
counterintuitive, making tissue manipulation more difficult.

Upon attempting to morcellate the boiled porcine heart it was found that
the cutting blade, shown in figure 6.7, was not sharp enough for efficient
tissue dissection. Due to its difficult blade geometry the sharpness of the
blade was not on par with that of standard morcellators. And even though
the blade was special made for this purpose, it dulled quickly upon use and
was difficult to sharpen (because the sharpening rod diameter was relatively
large compared to the blade diameter). Additionally, the grip on the tissue
needs to be adequate to allow for enough force generation of the tissue against
the blade. As was observed in the assessment of the Gynecare Morcellex in
the test setup (see chapter 4) the tests suffered from frequent contact loss of
the grasper due to the tissue model. Even though at the Morcellex test a
different traumatic grasper was used than standard, which partially explained
this issue, at testing the prototype a Krallengreifer was used (see figure 7.5)
which suffered the same problem (to a lesser degree). For these reasons, it
was difficult to adequately cut the tissue and obtain reliable results. Tissue
strips morcellated with the prototype and with the Morcellex are shown in
figures 7.6 and 7.7. The comparison in tissuestrip size between the two figures
is slightly difficult due to different sized collection cups (the one used at the
Morcellex is smaller), but for the obvious reason of having a larger tube

113



Figure 7.5: 10mm Krallengreifer laparoscopic grasper

Figure 7.6: Tissue strips and residual tissue mass after morcellation with
Gynecare Morcellex

Figure 7.7: Tissue strips and residual tissue mass after morcellation with
prototype morcellator

dimension at the prototype, the tissue strips there are larger and thus fewer.
Regretfully, only one porcine heart was morcellated, where 113g out of 347g
was removed in 20.5 minutes. This gives an instrument morcellation rate
of IMRprototype = 5.5g/min. Comparing this to the value obtain in-vitro,
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IMRmorcellex = 6.7 ± 1.7g/min, the morcellator is almost on par with the
Morcellex. But taking into account that this was the first time the surgeon
used the instrument and the cutting blade was not as sharp as it should be
for morcellation, this result is fairly promising.

The average tissue strip weight measured in-vitro at the Morcellex fur-
thermore was 2.4 ± 0.6g. Testing the prototype, approximately 22 tissue
strips (including small debris pieces) were removed, giving an average of 5.1g
per piece, showing the positive effect of being able to use a larger diameter
tube. Note that his average tissue strip weight is also beneficial for histolog-
ical evaluation.

7.2 Time-action analysis

With only one porcine heart morcellated, a comparison of the time-action
analysis when using the prototype with the previously acquired Morcellex
test data will not be fully reliable. None the less, the obtained data is shown
in table 7.1 and the piecharts of the analyses shown in figure 7.8.

Table 7.1: Comparison table test results in-vitro porcine heart morcellation
with Gynecare Morcellex and prototype.

Morcellex test Prototype
Time-action analysis:
Tissue manipulation time 0:12:02±0:02:17 0:12:14
Tissue manipulation time [f ] 0.60±0.04 0.60
Morcellation blade active 0:04:13±0:00:54 0:05:29
Morcellation blade active [f ] 0.21±0.02 0.27
Tissue deposit time 0:03:56±0:01:09 0:02:45
Tissue deposit time [f ] 0.19±0.04 0.13
Morcellation data:
Total morcellation time 0:20:10±0:03:41 0:20:28
Total tissue mass [g] 409±82 347
Tissue mass morcellated [g] 133±37 113
IMR* [g/min] 6,7±1,7 5.5
MCR* [g/min] 32,2±8,6 20.6
Number of removed tissue strips 56±12,7 22
Avg. weight tissue strips [g] 2,4±0,6 5.1
Number of failed cutting attempts 39±24 18
*IMR = Instrument Morcellation Rate; MCR = Morcellator Cutting Rate.

As displayed, the tissue manipulation time fractions are roughly equal
(f = 0.60), showing that irrespective of the type of grasper used, the frequent
loss of contact due to tearing of the tissue is an inherent problem when testing
with a boiled porcine heart tissue model. The morcellation fraction in the
prototype is higher and the amount of tissue strips created lower, showing
that the instrument was activated less frequent but for longer periods of time
to obtain larger tissue strips. This then explains the reduced amount of time
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Figure 7.8: Time-action analysis comparison of in-vitro data with the proto-
type (left) vs. the Morcellex (right).

spent depositing the tissue because fewer tissue strips need to be disposed
off. None the less, when viewing the morcellator cutting rate (MCR), it is
seen that the Morcellex is still faster (MCRmorcellex = 32.2 ± 8.6g/min vs.
MCRprototype = 20.6g/min), due to the lower cutting capacity on account of
the (by comparison) blunt cutting blade of the prototype. With a sharper
cutting blade, and a better ergonomic design, allowing the surgeon more
intuitive and easier instrument handling, it can be expected that the tissue
manipulation time will decrease in favor of the morcellation time, and faster
morcellation with fewer and larger tissue strips should result.
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Chapter 8

Discussion

In this chapter, three items will be discussed. First the advantages and dis-
advantages of the used test setup will be highlighted. Second, the changes to
the Total Laparoscopic Hysterectomy (TLH) procedure which are associated
with the use of a trans-vaginal morcellator are explained. And lastly the
safety aspects of the instruments which should be added in future designs
and prototype generations will be suggested.

8.1 Test-setup improvements

The test setup has already been described in detail in the chapter on mor-
cellator functionality (chap: 4), and the application of the prototype in this
setup in the previous chapter. But certain limitations were present at this
setup which affected the obtained results. Though the setup relatively accu-
rately simulates the median and lateral ports used during minimal invasive
procedures, it did not have a simulated vaginal access point. In order to sim-
ulate the trans-vaginal approach the new prototype is supposed to take, the
surgeon could not use any of the trocar ports, but instead applied the mor-
cellator from the side (the test box did not have any side walls). The problem
which followed was that the surgeon intuitively moved the morcellator with
the image he saw on the video screen in order to maneuver the instrument
with respect to the tissue mass. This is an automatic response, but one which
is impossible at an actual procedure, since the instrument is confined by the
trans-vaginal canal through which it is disposed. These movements of the
instrument should thus be avoided in the test setup by simulating the vaginal
canal, and thereby confining the instrument to one position. Furthermore,
the tissue mass was located in a relatively deep tray in the setup. When
vaginally applying a morcellator, it will enter the abdomen from the bottom,
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at the cul-de-sac. As result, when morcellating tissue, the tissue mass will
lie at the bottom of the abdominal space, and thus lie stable. Because of the
deep tray, the morcellator could not be used easily at the bottom, but instead
had to be (aggressively) angled downwards to the bottom to reach the tissue
mass. Or alternatively the tissue mass needed to be pulled upwards, which
created contact issues between the tissue and the grasper.

The test setup thus needs two adjustments. Firstly it needs to simulate
the vaginal canal entrance to constrain the morcellator. In figure 8.1 the
prototype is shown, disposed through a custom made trocar and standard,
which if applied to the test setup should limit the surgeon in moving around
the morcellator. Additionally, it can be rotated downwards in to any wanted
angle, more accurately simulating the vaginal canal. One should note though
that this trocar is rigid, whereas the actual situation does allow for some
limited movement on account of the elasticity of tissue. The second necessary
adjustment is to add a stable underground on which the tissue mass can lie
when it is being morcellated. This can either be accomplished by adding a
shallow cup to the end of the vaginal trocar, as shown in figure 8.1, or by
using a shallow tray in the test setup.

Figure 8.1: Addition for the laparoscopic test setup: trans-vaginal morcella-
tor application simulation and shallow container cup for tissue mass at tip
of morcellator.

The additions shown in figure 8.1 have not yet been tested in the test
setup, because these additions alone will not allow the morcellator to func-
tion optimally. First a new sharper morcellation blade needs to be made,
and possibly the ergonomics of the instrument revised in order to make its
functioning more intuitive. Also, more research ought to be done into finding
an optimal tissue model, as the boiled porcine heart suffered frequent contact
loss with all applied laparoscopic grasper (even at the standard used 10mm
Krallengreifer).
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8.2 Surgical procedure changes

The standard Total Laparoscopic Hysterectomy (TLH) procedure has already
been discussed in some detail in the introduction (see subsection 2.1.3). Af-
ter the uterus has been amputated from its surroundings, and the uterus
mobilizer removed (an instrument used to move the uterus when required
during the hysterectomy procedure), the vaginal cuff is sutured closed before
starting the tissue morcellation process (see figure 8.2). Closing the vaginal
cuff right after amputation is done in order to prevent unnecessary blood loss
and more easily uphold the pneumoperitoneal pressure. However, it is not
a necessity to close it straight away, so long as any bleeders are coagulated
and the abdominal pressure is upheld (by placing for example a surgical glove
with a sponge inside in the vagina as suggested by Pasic and Levine, 2007 [2],
p.206).

Figure 8.2: Total Laparoscopic Hysterectomy (TLH) with the uterus (left)
amputated and the vaginal cuff sutured closed (right).

Using a trans-vaginal morcellator necessitates keeping the vaginal cuff
open after uterine amputation, and inserting the morcellator (with an obtu-
rator) to uphold the pressure. Insertion of the rigid morcellator itself should
not be an issue because a McCartney Tube, which is a single use plastic
transvaginal tube (shown in figure 8.3), is also a rigid instrument which is
frequently applied. The McCartney tube is used (among other things) for
anatomical structure identification, upholding the pressure and providing a
conduit for introduction of the needle and suture used for closing the vagi-
nal cuff [20]. Applying a morcellator trans-vaginally is thus not an issue.
Because the current morcellator design uses a diameter of 30mm, and the
McCartney tube is available is sizes 35 and 45mm, it is even possible to use
the new morcellator through a McCartney tube.
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Figure 8.3: McCartney Tube; single used plastic transvaginal tube [20]

The novel morcellator placed through the vaginal canal is shown in figure
8.4. After the tissue mass is morcellated with this prototype, the instru-
ment needs to be removed, and the vaginal cuff sutured closed. Because
the morcellation tube is fully hollow it allows for the introduction of the
needle and suture, just like the McCartney tube. Furthermore, the trans-
vaginal morcellator in the final design has to have a pressure seal incorpo-
rated in it to uphold the abdominal pressure while morcellation. And thus
when closing the vaginal cuff, it might not even be necessary to remove
the instrument. Instead one can partially retract the morcellator and keep
it in place until the cuff is fully sutured closed, before removing it fully.

Figure 8.4: Trans-vaginal application
of the new morcellatordesign.

Though designed for use during
total laparoscopic hysterectomy, the
morcellator could potentially also
be used during supraservical proce-
dures, where the cervix stays intact.
Through a (relatively large) culdo-
tomy or colpotomy incision, an in-
cision in the rectouterine pouch or
vagina respectively, the instrument
can still gain access to the abdom-
inal area. The instrument needs to
be advanced sufficiently into the ab-
domen then to prevent the blade
from hitting the cervix.
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8.3 Future prototype

development and safety

Like already indicated in the previous section, a final design of the trans-
vaginal morcellator needs to have a pressure seal incorporated in it. This
seal can be applied at the proximal end of the morcellation tube (equal to
the current standard morcellators). The vibrational mechanism also needs to
be optimized to reduce friction between the swivel arm and the rotating axle
which transfers the motor rotations. Moreover, the electromotor could also
be removed from the design, and be replaced by an external generator. The
Gynecare Morcellex makes use of a generator which transfers the rotation
of an electromotor through a flexible drive cable to the instrument and the
cutting blade. A similar system could be used, or the morcellator designed
to function with an existing generator.

With respect to safety, certain anatomical structures around the vagina
need to be protected when morcellating. The bladder and the large intestines
are located above and below the uterus respectively (see fig 8.5), and acci-
dentally cutting these will severely complicate the procedure. In order to

Figure 8.5: Normal female anatomy [21]. Anatomical structures around the
uterus, i.e. the bladder and intestines, need to be protected during trans-
vaginal morcellation.

protect these structures, some form of a barrier could be placed between the
structures and the morcellator. Note that this barrier does not need to push
back tissue or apply any significant force to any of the tissue structures. It
merely needs to be present between the morcellator and its surroundings in
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order to prevent tissue from accidental slipping in between the blade and
the amputated uterus when morcellating. Thus the barrier is allowed to be
relatively flexible. For this purpose nitinol wires are perfectly suited. Nitinol
(NiTi) is a shape memory and superelastic alloy with biocompatible proper-
ties [121–124], which is already being used in procedures. One instrument
which uses this material is the Endopouch specimen retrieval bag , ethicon
endo-surgery [22]. This instrument is intended for minimally invasive tissue
bagging and subsequent intact removal. It does this by allowing the surgeon
to deploy the bag in the abdomen through a mechanism based on nitinol
spring-wires. Following, the surgeon puts the tissue in the bag, slightly ex-
tends the minimal incision through which the bag is deployed, and exter-
nalizes the bag with its content fully intact. In figure 8.6 this instrument is
displayed. At the tip, the nitinol wires are deployed from their initial posi-
tion inside the 10mm tube to an endoscopic bag diameter of approximately
70mm. Removing the bag from the instrument, these wires can deploy even
further to 130mm, as displayed in figure 8.6 on the right.

Figure 8.6: Endopouch retriever, ethicon endo-surgery [22], for intra-
abdominal tissue entrapment and intact tissue removal. Nitinol wires de-
ployement without the endoscopic bag shown on the right.

Because nitinol also has shape memory, it can be created to deploy into
any shape, and as such the nitinol spring wires are an excellent method of
deploying a barrier from a small tube into a large pre-defined shape. The
addition of an elastic sheet material (such as the material from which the
endoscopic bags are made) will provide one with a deployable barrier which
can protect the bladder and the large intestines from touching the morcellator
blade. The surgeon only needs to steer clear of the small intestines, but this
should not be a problem as this is already done during the entire procedure.
A simple schematic representation of the morcellator with the incorporation
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of these wires is shown in figure 8.7.

Figure 8.7: Trans-vaginal morcellator design with a schematic representation
of the approximate size and shape of additional nitinol wires to protect the
anatomical structures around the uterus (bladder, large intestines) from the
morcellation blade.

This barrier will not only protect the surrounding structures, but will also
function as a funnel for the tissue mass and tissue debris. Any debris created
due to the morcellation process (which, due to the vibrating blade dissection
method, should be less than the standard morcellator) will be funneled to
the tip of the morcellator due to the barrier. Thus theoretically, any tissue
debris will be more easily removed.
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Chapter 9

Conclusions

Building upon the conclusions of a previous literature study, a standard
morcellator is tested in-vitro and in-vivo, and a trans-vaginal morcellator for
tissue removal during Total Laparoscopic Hysterectomy (TLH) has been de-
signed and prototyped. From the data analysis between in-vitro and in-vivo
obtained data it has been found that the morcellation rate, defined as the re-
moved tissue mass divided by the time in which this is accomplished (g/min),
can be used to objectively compare morcellators on the basis of their speed.
The Instrument Morcellation Rate (IMR), obtained in-vitro, was found to be
approximately half as fast as the Procedure Morcellation Rate (PMR), de-
termined in-vivo. This difference was attributed to the used tissue model; a
boiled porcine heart. Surgeon dependence was found in the test data, show-
ing that the surgeons skill is equally as important as the morcellator device
cutting efficiency. Through time-action analysis of laparoscopic video mate-
rial the time-division between the 1) tissue manipulation, 2) tissue cutting
and 3) tissue depositing phases inherent in the tissue peeling morcellation
process was found. Taking into account contact issues between the laparo-
scopic grasper and the tissue mass, it was observed that the time-divisions
between the test setup and the actual operations were approximately equal.
The intra-operative data, acquired at actual hysterectomies, was divided into
three groups based on uterine weight, and significant differences between the
groups were found at operative time, morcellation time, PMR, number of tis-
sue strips removed and irrigation and inspection time. Positive morcellation
rate dependence with uterine weight was discovered, showing that the effi-
ciency of the morcellator tissue peeling principle relies on the initial size and
shape of the uterus. (Non-)linear relations between morcellated weight, mor-
cellation time and irrigation and inspection time have been discussed, allow-
ing surgeons more insight into the procedure time and the (dis-)advantages
associated with the use of a morcellator.
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Through problem decomposition and brainstorm schemes, a morcellator
design was created and iteratively reviewed to obtain a final design which
was prototyped. This first generation trans-vaginal morcellator prototype
dissects tissue through the use of a vibrating circular slanted sharp cutting
blade. The blade is slanted to prevent it from damaging tissue structures
surrounding the vaginal cuff and it vibrates to reduce tissue scatter. The
tube diameter is 30mm, allowing for easy vaginal insertion, and the removal of
large tissue strips. Testing the prototype, it was found that the sharpness of
the morcellation blade was not on par with the current standard morcellator
blade, and due to additional limitations in the test setup, only limited test
data has been obtained. By estimation, the prototype functions at an equal
speed to the tested standard morcellator, but had fewer removed tissue strips
and longer instrument activation times.

Future improvements for the prototype include a sharper dissection blade,
better ergonomics, weight reduction, inner mechanism optimization, and the
addition of nitinol spring wires to protect the tissue around the vaginal cuff,
i.e. the bladder and large intestines, from accidentally touching the morcel-
lator blade.
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EFFICIENT

Titanium nitrite coating

on blade ensures efficient,

consistent cutting for

challenging tissue.

INTEGRATED

Disposable, single-use hand

piece assures the device is

clean, sharp and ready to use

every time. Uniquely integrated

trocar-like properties minimize

the need to remove and

replace trocars during the

procedure.

INTUITIVE

Trigger activation provides

enhanced control vs.

hand/foot pedal operation.

SAFE

Safety Coreguard positions

your blade on the surface

of specimen, maximizing the

volume of tissue being

morcellated.

• PRECISION. The intuitive trigger automatically exposes and activates - or stops and shields - the blade.

• SPEED. The advanced gearing system increases torque, helping ensure smooth and efficient morcellation.

• DURABILITY. The titanium-coated blade cleanly resects dense tissue.

37
%

9
%

91
%

63
%

INTERCOAT treated Adnexa AFS Category improved or did not worsen in 91% of cases, vs. only 63% in the control group (p-value=0,0001) †See back of the page.

Same or Better

Worse

INTERCOAT CONTROL

% of Adnexa}

COMBINED DATA FROM LUNDORFF et al.9 AND YOUNG et al.10   

Tube: Min 0 - Max 16
Ovary: Min 0 - Max 16

Tube or Ovary

SEVERITY of
Adhesions

Mild (filmy) 

Severe (dense) 

Adnexa  (Tube + Ovary): Min 0 - Max 32

EXTENT of Adhesions

<1/3
(Grade 1 Localized)

1

4

1/3 - 2/3
(Grade 2 Moderate)

2

8

2/3
(Grade 3 Extensive)

4

16

†

The IMPACT of ETHICON INTERCOAT

• Prospective, randomized, third party blinded, parallel group multi-
center studies

• Laparoscopic gynecological surgery with second look laparoscopy 6-
10 weeks later

• American Fertility Society (AFS) adhesion scores quantified by
blinded videotape review

† Lundorff P, Donnez J, Korell M, Audebert AJ, Block K, diZerega GS. Clinical evaluation of a viscoelastic gel for reduction of adhesions following gynaecological surgery by
laparoscopy in Europe. Hum Reprod. 2005 Feb; 20(2): 514-20. Epub 2004 Dec 9. Young P, Johns A, Templeman C, Witz C, Webster B, Ferland R, Diamond MP, Block K, diZerega
G. Reduction of postoperative adhesions after laparoscopic gynecological surgery with Oxiplex/AP Gel:a pilot study. Fertil Steril. 2005 Nov; 84(5): 1450-6.

EFFICACIOUS

Consistent superiority in results as demonstrated

by the American Fertility Society (AFS)† adnexal

score comparing patients with ETHICON

INTERCOAT vs. Control in 2 separate studies

EASY TO USE

Simple to apply in

1 single layer

PRECISE

Targeted protection of

traumatized tissue

Creates a temporary

barrier during healing
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SURGICAL INDICATIONS

Laparoscopic myomectomy

Laparoscopic Supracervical Hysterectomy

Other Laparoscopic Procedures

How to use Gynecare Morcellex

When ready to morcellate, grasp the tissue (uterus or myoma) using a 10 mm claw forceps, tenaculum or similar instrument. Pull the spe-

cimen up to the distal end of the Gynecare Morcellex tissue morcellator. The physician can activate Morcellex via the dual-function blade

guard activation trigger on the device’s detachable handle. With the blade exposed and rotating, pull the tissue through the device. The

device can operate in either coring or peeling mode based on the degree of exposure of the blade and placement of the rotatable core-

guard. Tissue to be morcellated should be completely exposed and freed from surrounding tissue before attempting to extract it through

the instrument.

The use of Ethicon Intercoat is also indica-

ted to prevent adhesions in the following

laparoscopic procedures:

1) adhesiolysis

2) tubal and ovarian surgery

3) surgery for endometriosis

How to apply Ethicon Intercoat

Apply Ethicon Intercoat at the end of the surgical procedure after hemostasis has been achieved and residual irrigation fluid has been

aspirated. Apply only a single-layer of gel ribbon (about 2 mm in depth) to coat the tissue surfaces for which adhesion prevention is inten-

ded. It is recommended not to reposition gel with probes or other instruments once it has been applied.
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Ordering Information

Product code Description

MX0100 Gynecare Morcellex* Tissue Morcellator - Disposable Hand Pieces

MD0100 Gynecare Morcellex* Tissue Morcellator - Motor Drive Unit

IC100 Ethicon Intercoat* 2x20 ml Sterile Syringes and 1 applicator

For futher information please contact your local sales representative
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Appendix B

MITE: Minimal Invasive Tissue
Extractor

Description of the Minimal Invasive Tissue Extractor (MITE) as designed
and prototyped at an intership at the Massachusetts Institute of Technology
(MIT) in Boston, Massachusetts, United States of America.
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 - 1 - 

General purpose 
The Minimal Invasive Tissue Extractor (MITE) is a medical device meant to minimally 
invasive morcellate and extract tissue. This entails the taking of small samples from the main 
tissue mass, located inside the abdominal area, by means of a translational oscillating cutting 
blade and morcellating these samples with a rotating auger. The back and forth movement of 
the cutting blade and auger are thus synchronous. The auger automatically transports the 
morcellated samples through the tube, and the tissue is automatically disposed into a bag 
outside the abdominal area. 
 
The mechanical requirements for the design were: 

• Prevention of tissue dispersal 
• Automatic tissue transport, to save time and effort 
• Tissue size that can be morcellated: spherical ball of approx. 5 cm diameter 
• Morcellator tube diameter scalable to trocar sized port; i.e. 5, 10 or 15 mm 

Secondary requirements were: 
• Less strain on the surgeon 
• Large morcellated tissue pieces to allow post-surgery tissue analysis 
• Prevent gas leakage (current morcellation devices have little leakage already) 
• Fit through 10 mm trocar, instead of replacing trocar with the morcellator device 

 
Technical description / claimable items: 
The MITE is shown assembled and disassembled in figures 1 and 2 respectively.  
 

 
Figure 1 - MITE assembled 

 
Figure 2 - MITE disassembled 

 
A frame supports a ¼ HP motor and two mounted bearings supporting a main shaft. A pair of 
toothed cams, with opposing sinusoid shaped surfaces, are entrained with toothed belts 
connecting them to the single motor. One cam is rigidly attached to the main shaft, and the 
other is rotatably disposed on this same shaft. Due to a slight difference in the amount of teeth 
between the two cams, the rotation of the motor makes the cams rotate at different speeds. 
This gives a relative rotation between the two opposing cam-surfaces, bringing about a 
translational oscillating motion, thereby resulting in a combined translational and rotational 
movement of the main shaft. This mechanism is depicted in figure 3. The main shaft is 
extended, through a connection piece, with a short auger. 
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Figure 3 - Cam-action providing combined 

rotation and translational oscillation. 
Source: U.S. 5,860,852 

 

 

 
Figure 4 – Schematic side view of auger, inner tube and 

outer tube. Dynamics: the auger rotates and translates back 
and forth; the inner tube translates back and forth 

synchronous with the auger; the outer tube is passive. At 
the tip the slicing action is performed.  

 
An inner tube and an outer tube enclose the main shaft with auger. 

The inner tube is connected to a rigid shaft coupling, which in turn is connected to a 
bearing carrier, which combines a tapered thrust bearing raceway and a bronze bushing. The 
bearing raceway, in assembled position, is pushed up against a tapered thrust bearing which is 
placed on the main shaft against a ledge. The bearing and bushing negate the rotation of the 
main shaft, thereby making the combination of the bearing carrier, rigid shaft coupling, and 
inner tube only translate with the shaft. A constant axial force, in the loading direction of the 
thrust bearing is applied with preloaded springs which are attached to screws fastened to the 
rigid shaft coupling and the passive frame. 

The outer tube is passively connected to an enclosure unit, which encloses the 
combination of the translating bearing carrier and rigid shaft coupling. The enclosure unit is 
rigidly connected to the frame which supports the main shaft and motor. Guiding slides are 
located on both sides of the unit to allow the screws, which are attached to the translating 
rigid shaft coupling, to freely guide the translational oscillation. 

The inner tube has a small rectangular opening halfway down the tube, pointed 
downwards and a cutting blade mounted distally. The outer tube has two rectangular 
openings; the first is located halfway, pointing downwards in line with the opening of the 
inner tube; the second is at the distal end of the tube, pointing upwards. The outer tube is 
distally closed with a plug. 
 
The workings of the device rely on the combined rotation and translational oscillation of the 
main shaft with the auger, the accompanying translation of the inner tube, and a passive outer 
tube. The inner tube will continuously expose and close, with its cutting blade, the distal 
opening of the outer tube. This motion achieves a slicing action of the tissue which is 
constantly placed inside the opening when it becomes exposed. Simultaneously with the 
translation, the auger, located under the cutting blade, is spinning. The blade is slightly 
overhanging the auger edge. All the tissue severed with the cutting blade is thereby 
simultaneously morcellated by the auger. The auger at the same time transports all the 
morcellated pieces upwards the tube. This transport relies on the rotation of the auger and the 
friction of the tissue with the inside of the inner tube. Upon arriving at the opening halfway of 
both tubes, the morcellated tissue is disposed through these openings into a plastic bag 
attached to the outer passive tube. After all the tissue is morcellated, and disposed inside the 
bag, this bag can be removed, sealed, and disposed of. The full mechanism is shown in figure 
4. 
 

151



Ewout Arkenbout MITE  

 - 3 - 

Advantages and improvements over existing device 
The current morcellator functions as a guide tube, through which a grasper gains access to the 
abdominal area. The morcellator has at its distal end a rapid rotating circular blade. By 
grasping tissue with the grasper, and pulling it backwards through the tube, a strip of tissue is 
severed from the main mass due to the rotating blade. This strip of tissue has to then 
subsequently be deposited, and the grasper reinserted. This current device has a few 
disadvantages which warrant other options for tissue removal as more safe and/or efficient. In 
the case of, for example, hysterectomies, the uterus needs to be removed. Three methods of 
removal are an option; 1) enlarge the keyhole incision to accommodate tissue size, 2) use 
natural orifice (if possible) or 3) use morcellator. Disadvantages to the current available 
morcellators are: 

1. Exposure of the rapid rotating circular blade to the tissue, thereby often scattering 
small tissue pieces in the abdominal area; 

2. A painstaking search of the entire area has to be made afterwards, in order to locate 
all scattered pieces. These pieces also need to be manually picked up, and removed 
from the abdomen one by one. Small pieces remaining behind could cause 
inflammation, tissue growth, or even necrosis; 

3. Unnecessary physical burden on the surgeon having to manually extract the severed 
tissue through the tube one by one, disposing of it, and reinserting grasper through 
morcellator; 

4. Morcellation speed is reasonable, but time wasted disposing of tissue and locating 
dispersed tissue lengthens procedure time unnecessarily; 

5. The exposed rotating circular blade can accidentally damage other organs; 
6. One hand necessary to handle morcellator. Other hand necessary for maneuvering 

the grasper through the morcellator to grasp tissue. 
7. The current morcellators do not use trocar ports. Thus the removal of a trocar port is 

necessary.  
The new MITE addresses these issues: 

1/2. The rapid rotating auger is never directly exposed to the tissue, thereby preventing 
tissue dispersal. This negates the need for a sweep for locating dispersed tissue. 

3. The auger automatically transports and disposes morcellated tissue into a bag 
outside of the abdominal area. The manual transport, disposal and reinsertion of the 
grasper, has been replaced with a fully automatic process. This saves both time and 
effort. 

4. The morcellation speed of the MITE, in the case of the proof-of-concept prototype, 
is lower than that of the currently used device. Significant room for optimization of 
this speed is present. 

5. The rotating auger is not directly exposed to the abdominal area, thereby being safer. 
The translational oscillation of the cutting blade takes place inside the outer passive 
tube, thereby also lowering the chance for accidental damage. 

6. The MITE can be operated in two different modes; 1) automatic and 2) semi-
automatic. The automatic mode continuously slices and morcellates tissue. The 
semi-automatic mode is a trigger-on-demand mode, where tissue can be placed into 
the feeding tip of the device and subsequently sliced and morcellated only once. 
There is no need for the surgeon himself to operate the device. The device can be 
parked into a standard (and possibly be operated by foot), or be held by an assistant, 
while the surgeon has two graspers free to manipulate the tissue mass in the 
abdomen. The MITE merely needs to be fed the tissue. 

7. The MITE can be scaled to any size, depending on the wanted morcellating speed 
and tissue size. Therefore the device can also be scaled down to fit through trocars. 
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Some facts on the Minimal Invasive Tissue Extractor (MITE): 
Motor ¼ HP 
RPM range 0 ~ 1750 
Slicing speed per minute 0 ~ 50x 
 Inches metric 
Stroke length ½ ´´  25.4 mm 
Outer tube OD ¾ ´´ 19.05 mm 
Inner tube ID ½ ´´ 25.4 mm 
Tissue volume sliced 
(assuming half filled feeding mouth) 

± 0.05 in³  * ± 800 mm 

Tissue mass sliced 
(assuming half filled feeding mouth) 

± 0.092 lbs/min ** ± 42 g/min ** 

 
*Calculation Tissue volume sliced: 
(Assumption: feeding mouth is only half filled for every bite) 

( ) ( )2
2 3 31 1 1 1 1 1 0.049 804.3 2 4 2 4 2 2V ID L in mmπ π = ⋅ ⋅ ⋅ = ⋅ ⋅ ⋅ = = 

 
 

 
**Tissue mass sliced 

3 91042 / 804.3 10 1042 0.838 /

At 50 bites/min:  50 0.838 41.9 / min
meat meat meat

meat

kg m m V g bite

m g

ρ ρ −= → = ⋅ = ⋅ ⋅ =
= ⋅ =

 

 
Comparison of the steps performed to morcellate uterus 
This table gives an overview of the steps which are currently performed with the current 
morcellator (when the uterus is already separated from the surrounding tissue), and the 
theoretical steps which would be performed with the MITE. In yellow the steps which MUST 
be performed by the surgeon are shown, i.e. the surgeon is the only one trained for these 
specific tasks. In red the tasks are performed which do not need the surgeons expertise (and 
can thus be done by the surgeons assistant), and in green all the automated processes are 
shown, which do not involve manual action of a person (other then activation). 

 

Current Morcellator MITE 
Remove trocar 

Insert morcellator 
Insert pincher through morcellator port - 

Repeat 

Grab tissue with morcellator-pincher Grab tissue with one or more pinchers 
Manually draw tissue to morcellator cutting 

blade 
Hold tissue to mouth of the morcellator or hold 

morcellator mouth to tissue 
Cut tissue Cut and morcellate tissue with auger 

Manually pull tissue through morcellator Transport tissue with auger 
Deposit long strip of tissue Deposit tissue into container 

Reinsert pincer - 

Repeat 

Look around with camera to locate remaining pieces 
Pick up scattered remaining piece with pincer Pick up remaining piece with pincer 

Draw pincer with piece clamped through 
morcellator port (without morcellating action) 

Place piece inside mouth of morcellator 

Deposit tissue piece 
Morcellate 

Reinsert pincer 
 Remove morcellator 

 
 Needs to be done by surgeon (= only person with adequate expertise and training) 
 Needs to be done manually (no surgeon expertise needed � can be done by assistant) 
 Automated 
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Commercial applications / economic potential 
The MITE serves as a significantly more safe and efficient morcellator than the currently 
available device. The following devices are currently the most used: 

• GyneCare Morcellex (improved version of the GyneCare X-TRACT) 
o http://www.clinicalexpertise.com/content/specific/ethicon_pe_library/ethicon-

pe.global_eng/documents/Morcellex_IFU_64_002.pdf 
o http://www.gynecare.com/ 

• Wisap Morcellator (Serrated Edged Macro Morcellation) 
o http://www.wisap.de/Produkte.html 

• ROTOCUT G1 
o http://karlstorz.websurg.com/iwings/?surgery=gynecology 

• SAWALHE II Supercut Morcellator 
o http://www.karlstorz.com/cps/rde/xchg/SID-CAAB8665-32A79E44/karlstorz-

en/hs.xsl/8379.htm 
 
With the MITE, operational time is reduced due to unnecessarily time-consuming actions 
having been automated. Furthermore, the patient return rate will be lowered, due to reduced 
chance of remaining tissue fragments in the body. The MITE can be applied on plural medical 
types of operations, e.g. hysterectomies, myomectomies (i.e. removal of uterine fibroids), 
cholecystectomies (i.e. removal of gallbladder), etc. 
 
Furthermore, the MITE can be made partially disposable. The motor and cam assembly can 
be made reusable and a click-on system be attached to this unit which can be removed and 
disposed of later on. This disposable part could consist of the auger, the inner tube with 
cutting blade, and the outer tube. Moreover, this click-on system can vary in diameter, 
depending on the tissue size to be morcellated and the preference of the doctor. This gives 
thus a potential productline with a base, consisting of the actuation, and a variable 
operation/situation dependant attachment unit. 
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Appendix C

MATLAB coding

C.1 IMR and CMR testdata linear regression

analyses

1 % Regression analysis morcellationdata
2 % Code written by Ewout Arkenbout
3 % Masterstudent Biomedical Engineering − BioMechatronics
4 % Studentnummer 1218018
5 % June 10th, 2011
6

7 %% 1st order linear regression
8 clc, clear all, close all
9 mt min gyn1 = [18 20 15 14]';

10 mt sec gyn1 = [03 55 15 04]';
11 ba min gyn1 = [03 04 03 03]';
12 ba sec gyn1 = [49 19 30 03]';
13 mw gyn1 = [116 139 104 101]';
14 mt min gyn2 = [22 22 17]';
15 mt sec gyn2 = [38 57 48]';
16 ba min gyn2 = [04 04 03]';
17 ba sec gyn2 = [55 25 31]';
18 mw gyn2 = [191 192 163]';
19 % gyn = [morcellationtime (sec); activebladetime (sec); ...

morcellated weight (g)]
20 gyn1 = [(mt min gyn1*60)+mt sec gyn1 ...

(ba min gyn1*60)+ba sec gyn1 mw gyn1];
21 gyn2 = [(mt min gyn2*60)+mt sec gyn2 ...

(ba min gyn2*60+ba sec gyn2) mw gyn2];
22

23 %% Linear regression (y=beta*x+alpha) & pearson correlation ...
coefficient
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24 [fit gyn1 IMR] = polyfit(gyn1(:,1),gyn1(:,3),1);
25 [fit gyn1 MCR] = polyfit(gyn1(:,2),gyn1(:,3),1);
26 [fit gyn2 IMR] = polyfit(gyn2(:,1),gyn2(:,3),1);
27 [fit gyn2 MCR] = polyfit(gyn2(:,2),gyn2(:,3),1);
28 alpha = [fit gyn1 IMR(1,2) fit gyn1 MCR(1,2) ...

fit gyn2 IMR(1,2) fit gyn2 MCR(1,2)]';
29 beta = [fit gyn1 IMR(1,1) fit gyn1 MCR(1,1) ...

fit gyn2 IMR(1,1) fit gyn2 MCR(1,1)]';
30 y gyn1 IMR trend2 = beta(1)*gyn1(:,1)+alpha(1);
31 y gyn1 MCR trend2 = beta(2)*gyn1(:,2)+alpha(2);
32 y gyn2 IMR trend2 = beta(3)*gyn2(:,1)+alpha(3);
33 y gyn2 MCR trend2 = beta(4)*gyn2(:,2)+alpha(4);
34

35 % Pearson's correlation coefficient & significance value
36 [r1,p1]=corrcoef(gyn1);
37 [r2,p2]=corrcoef(gyn2);
38 r = [r1(1,3) r1(2,3) r2(1,3) r2(2,3)]';
39 p = [p1(1,3) p1(2,3) p2(1,3) p2(2,3)]';
40

41 % all data combined
42 data1 = [alpha beta*60 r.*r r p]
43

44 %% Linear regression (y=beta*x) & pearson correlation ...
coefficient

45 % forced through origin
46 [beta gyn1 IMR r2 gyn1 IMR r gyn1 IMR p gyn1 IMR] = ...

zilr(gyn1(:,1),gyn1(:,3));
47 [beta gyn1 MCR r2 gyn1 MCR r gyn1 MCR p gyn1 MCR] = ...

zilr(gyn1(:,2),gyn1(:,3));
48 [beta gyn2 IMR r2 gyn2 IMR r gyn2 IMR p gyn2 IMR] = ...

zilr(gyn2(:,1),gyn2(:,3));
49 [beta gyn2 MCR r2 gyn2 MCR r gyn2 MCR p gyn2 MCR] = ...

zilr(gyn2(:,2),gyn2(:,3));
50 beta lin = [beta gyn1 IMR beta gyn1 MCR beta gyn2 IMR ...

beta gyn2 MCR]';
51 r2 = [r2 gyn1 IMR r2 gyn1 MCR r2 gyn2 IMR r2 gyn2 MCR]';
52 r = [r gyn1 IMR r gyn1 MCR r gyn2 IMR r gyn2 MCR]';
53 p = [p gyn1 IMR p gyn1 MCR p gyn2 IMR p gyn2 MCR]';
54

55 % all data combined
56 data2 = [beta lin*60 r2 r p]
57

58 %% plotting
59 figure(1)
60 x lim = 27*60';
61 subplot(2,1,1)
62 plot(gyn1(:,1),gyn1(:,3),'r*','MarkerFaceColor','r','MarkerSize',7); ...

hold on
63 plot(gyn1(:,2),gyn1(:,3),'bo','MarkerFaceColor','b','MarkerSize',7);
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64 plot(gyn2(:,1),gyn2(:,3),'gd','MarkerFaceColor','g','MarkerSize',7);
65 plot(gyn2(:,2),gyn2(:,3),'cs','MarkerFaceColor','c','MarkerSize',7);
66 axis([0 x lim 0 250]);
67 set(gca,'XTick',0:120:x lim)
68 set(gca,'XTickLabel',{0,2,4,6,8,10,12,14,16,18,20,22,24,26})
69 xlabel('time [min]'); ylabel('morcellated weight [g]');
70 legend('IMR gyn1','MCR gyn1','IMR gyn2','MCR gyn2',4);
71 subplot(2,1,1): plot([0; ...

x lim],[alpha(1);alpha(1)+beta(1)*x lim],'r−−',...
72 [0; x lim],[alpha(2);alpha(2)+beta(2)*x lim],'b−−',...
73 [0; x lim],[alpha(3);alpha(3)+beta(3)*x lim],'g−−',...
74 [0; x lim],[alpha(4);alpha(4)+beta(4)*x lim],'c−−');
75 subplot(2,1,1): ...

text(x lim*(1/3),alpha(1)+x lim*(1/3)*beta(1),...
76 ' \leftarrow y=20.6+5.5x; ...

r=.98','HorizontalAlignment','left');
77 subplot(2,1,1): ...

text(x lim*(1/5),alpha(2)+x lim*(1/5)*beta(2),...
78 ' \leftarrow y=2.2+30.7x; ...

r=.95','HorizontalAlignment','left');
79 subplot(2,1,1): ...

text(x lim*(1/2),alpha(3)+x lim*(1/2)*beta(3),...
80 'y=61.5+5.7x; r=.99 \rightarrow ...

','HorizontalAlignment','right');
81 subplot(2,1,1): ...

text(x lim*(1/5),alpha(4)+x lim*(1/5)*beta(4),...
82 'y=90.1+21.5x; r=.92 \rightarrow ...

','HorizontalAlignment','right');
83

84 subplot(2,1,2)
85 plot(gyn1(:,1),gyn1(:,3),'r*','MarkerFaceColor','r','MarkerSize',7); ...

hold on
86 plot(gyn1(:,2),gyn1(:,3),'bo','MarkerFaceColor','b','MarkerSize',7);
87 plot(gyn2(:,1),gyn2(:,3),'gd','MarkerFaceColor','g','MarkerSize',7);
88 plot(gyn2(:,2),gyn2(:,3),'cs','MarkerFaceColor','c','MarkerSize',7);
89 axis([0 x lim 0 250]);
90 set(gca,'XTick',0:120:x lim)
91 set(gca,'XTickLabel',{0,2,4,6,8,10,12,14,16,18,20,22,24,26})
92 xlabel('time [min]'); ylabel('morcellated weight [g]');
93 legend('IMR gyn1','MCR gyn1','IMR gyn2','MCR gyn2',4);
94 subplot(2,1,2): plot([0; x lim],[0; x lim*beta lin(1)],'r',...
95 [0; x lim],[0; x lim*beta lin(2)],'b',...
96 [0; x lim],[0; x lim*beta lin(3)],'g',...
97 [0; x lim],[0; x lim*beta lin(4)],'c');
98 subplot(2,1,2): text(x lim*(1/3),x lim*(1/3)*beta lin(1),...
99 ' \leftarrow y=6.7x; r=.96','HorizontalAlignment','left');

100 subplot(2,1,2): text(x lim*(1/5),x lim*(1/5)*beta lin(2),...
101 ' \leftarrow y=31.3x; ...

r=.95','HorizontalAlignment','left');
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102 subplot(2,1,2): text(x lim*(1/2),x lim*(1/2)*beta lin(3),...
103 'y=8.6x; r=.86 \rightarrow ...

','HorizontalAlignment','right');
104 subplot(2,1,2): text(x lim*(1/5),x lim*(1/5)*beta lin(4),...
105 'y=42.1x; r=.22 \rightarrow ...

','HorizontalAlignment','right');

C.2 Zero-intercept linear regression function

1 function [beta r2 r p] = zilr(x,y);
2 % Function Zero Intercept Linear Regression
3 % alpha = (0,0)
4 % beta = slope
5 % p−value = Critical significance
6 % r = correlation coefficient;
7 % n = length of data set;
8 % v = degrees of freedom;
9

10 beta = (sum(x.*y)/sum(x.ˆ2));
11 n = length(y);
12 y hat = beta*x;
13 SST = sum(y.ˆ2)−((sum(y)ˆ2)/n); %= sum((y−mean(y)).ˆ2)
14 SSE = sum((y−y hat).ˆ2);
15 r2 = 1−(SSE/SST);
16 r = sqrt(r2); v = n−1;
17 t = r*sqrt(n−2)/sqrt(1−r2);
18 p = 2*(1−tcdf(t,v));

C.3 Morcellator on-time vs. tissue strip num-

ber, testdata

1 % Non−linear regression analysis morcellationdata
2 % Code written by Ewout Arkenbout
3 % Masterstudent Biomedical Engineering − BioMechatronics
4 % Studentnummer 1218018
5 % June 16th, 2011
6

7 clc, clear all, close all
8

9 %% Gynaecologist 1
10 gyn1 test1 = [1 07; 2 03; 3 10; 4 03; 5 04; 6 12; 7 06; 8 ...

05; 9 05; 10 04;
11 11 02; 12 03; 13 03; 14 01; 15 03; 16 07; 17 09; 18 02; ...

19 15; 20 07;
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12 21 04; 22 02; 23 03; 24 09; 25 02; 26 04; 27 04; 28 04; ...
29 02; 30 04;

13 31 02; 32 02; 33 05; 34 02; 35 02; 36 01; 37 02; 38 06; ...
39 02; 40 01;

14 41 02; 42 01; 43 03; 44 00; 45 02; 46 00; 47 02; 48 04];
15 gyn1 test2 = [1 05; 2 04; 3 01; 4 08; 5 11; 6 04; 7 02; 8 ...

04; 9 05; 10 04;
16 11 04; 12 02; 13 04; 14 09; 15 04; 16 01; 17 03; 18 06; ...

19 03; 20 05;
17 21 10; 22 03; 23 02; 24 05; 25 02; 26 03; 27 04; 28 03; ...

29 02; 30 04;
18 31 02; 32 03; 33 00; 34 14; 35 07; 36 07; 37 02; 38 03; ...

39 01; 40 01;
19 41 04; 42 00; 43 01; 44 00; 45 02; 46 04; 47 04; 48 03; ...

49 02; 50 00;
20 51 02; 52 03; 53 01; 54 01; 55 00; 56 00; 57 01; 58 00];
21 gyn1 test3 = [1 06; 2 03; 3 01; 4 03; 5 09; 6 02; 7 07; 8 ...

02; 9 09; 10 02;
22 11 04; 12 05; 13 08; 14 09; 15 02; 16 05; 17 02; 18 04; ...

19 05; 20 02;
23 21 06; 22 02; 23 05; 24 02; 25 05; 26 04; 27 04; 28 03; ...

29 01; 30 02;
24 31 02; 32 01; 33 04; 34 02; 35 02; 36 04; 37 01; 38 01; ...

39 01];
25 gyn1 test4 = [1 03; 2 19; 3 03; 4 01; 5 14; 6 04; 7 04; 8 ...

03; 9 02; 10 04;
26 11 04; 12 01; 13 02; 14 03; 15 02; 16 04; 17 05; 18 02; ...

19 03; 20 02;
27 21 04; 22 04; 23 02; 24 02; 25 09; 26 01; 27 02; 28 01; ...

29 10; 30 02;
28 31 02; 32 03; 33 02; 34 02; 35 10; 36 02; 37 03];
29 gyn1 all = [gyn1 test1; gyn1 test2; gyn1 test3; gyn1 test4];
30

31 gyn1 test1 fit = polyfit(gyn1 test1(:,1),gyn1 test1(:,2),1);
32 [r1,p1]=corrcoef(gyn1 test1);
33 gyn1 test2 fit = polyfit(gyn1 test2(:,1),gyn1 test2(:,2),1);
34 [r2,p2]=corrcoef(gyn1 test2);
35 gyn1 test3 fit = polyfit(gyn1 test3(:,1),gyn1 test3(:,2),1);
36 [r3,p3]=corrcoef(gyn1 test3);
37 gyn1 test4 fit = polyfit(gyn1 test4(:,1),gyn1 test4(:,2),1);
38 [r4,p4]=corrcoef(gyn1 test4);
39 gyn1 all fit = polyfit(gyn1 all(:,1),gyn1 all(:,2),1);
40 [ra1,pa1]=corrcoef(gyn1 all);
41

42 figure(1);
43 subplot(2,1,1): plot(gyn1 test1(:,1),gyn1 test1(:,2),'r.'); ...

hold on
44 plot(gyn1 test2(:,1),gyn1 test2(:,2),'b.');
45 plot(gyn1 test3(:,1),gyn1 test3(:,2),'g.');
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46 plot(gyn1 test4(:,1),gyn1 test4(:,2),'c.');
47 plot(gyn1 all(:,1),gyn1 all fit(1)*gyn1 all(:,1)+gyn1 all fit(2),'k')
48 plot(gyn1 test1(:,1),gyn1 test1 fit(1)*gyn1 test1(:,1)+gyn1 test1 fit(2),'r');
49 plot(gyn1 test2(:,1),gyn1 test2 fit(1)*gyn1 test2(:,1)+gyn1 test2 fit(2),'b')
50 plot(gyn1 test3(:,1),gyn1 test3 fit(1)*gyn1 test3(:,1)+gyn1 test3 fit(2),'g')
51 plot(gyn1 test4(:,1),gyn1 test4 fit(1)*gyn1 test4(:,1)+gyn1 test4 fit(2),'c')
52 legend('test 2','test 3','test 4','test 5','trendline')
53 xlabel('tissue strip number')
54 ylabel('On−time morcellator [s]')
55 title('Gynaecologist 1')
56 axis([0 70 0 20]);
57

58 % all data
59 beta = [gyn1 test1 fit(1) gyn1 test2 fit(1) gyn1 test3 fit(1)...
60 gyn1 test4 fit(1) gyn1 all fit(1)]';
61 alpha = [gyn1 test1 fit(2) gyn1 test2 fit(2) ...

gyn1 test3 fit(2)...
62 gyn1 test4 fit(2) gyn1 all fit(2)]';
63 r = [r1(1,2) r2(1,2) r3(1,2) r4(1,2) ra1(1,2)]';
64 p = [p1(1,2) p2(1,2) p3(1,2) p4(1,2) pa1(1,2)]';
65 N = [length(gyn1 test1) length(gyn1 test2) length(gyn1 test3)...
66 length(gyn1 test4) length(gyn1 all)]';
67 data gyn1 = [N alpha beta r p]
68

69 %% Gynaecologist 2
70 gyn2 test1 = [1 03; 2 01; 3 05; 4 02; 5 01; 6 02; 7 02; 8 ...

03; 9 01; 10 01;
71 11 03; 12 02; 13 05; 14 01; 15 01; 16 05; 17 00; 18 02; ...

19 02; 20 04;
72 21 06; 22 02; 23 01; 24 01; 25 03; 26 03; 27 02; 28 01; ...

29 04; 30 02;
73 31 04; 32 00; 33 01; 34 01; 35 05; 36 03; 37 03; 38 02; ...

39 04; 40 04;
74 41 02; 42 03; 43 02; 44 03; 45 02; 46 04; 47 05; 48 01; ...

49 02; 50 04;
75 51 04; 52 04; 53 05; 54 02; 55 00; 56 02; 57 02; 58 03; ...

59 01; 60 04;
76 61 02; 62 02];
77 gyn2 test2 = [1 07; 2 04; 3 02; 4 03; 5 05; 6 02; 7 01; 8 ...

01; 9 01; 10 02;
78 11 03; 12 02; 13 02; 14 06; 15 03; 16 02; 17 01; 18 01; ...

19 00; 20 03;
79 21 02; 22 03; 23 01; 24 02; 25 01; 26 03; 27 02; 28 01; ...

29 02; 30 03;
80 31 04; 32 01; 33 04; 34 03; 35 03; 36 01; 37 02; 38 05; ...

39 03; 40 02;
81 41 01; 42 00; 43 02; 44 03; 45 04; 46 04; 47 01; 48 01; ...

49 01; 50 01;
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82 51 01; 52 01; 53 01; 54 06; 55 01; 56 00; 57 02; 58 02; ...
59 02; 60 05;

83 61 01; 62 00; 63 02; 64 00; 65 00; 66 00; 67 01; 68 02];
84 gyn2 test3 = [1 03; 2 02; 3 03; 4 02; 5 02; 6 01; 7 03; 8 ...

02; 9 11; 10 05;
85 11 04; 12 03; 13 06; 14 03; 15 00; 16 04; 17 02; 18 02; ...

19 01; 20 06;
86 21 03; 22 03; 23 03; 24 01; 25 02; 26 03; 27 03; 28 02; ...

29 03; 30 03;
87 31 02; 32 02; 33 02; 34 02; 35 06; 36 02; 37 01; 38 02; ...

39 02; 40 03;
88 41 04; 42 03; 43 02; 44 02; 45 04; 46 02; 47 02; 48 03; ...

49 02; 50 02;
89 51 01; 52 04; 53 03; 54 01];
90 gyn2 all = [gyn2 test1; gyn2 test2; gyn2 test3];
91

92 gyn2 test1 fit = polyfit(gyn2 test1(:,1),gyn2 test1(:,2),1);
93 [r1,p1]=corrcoef(gyn2 test1);
94 gyn2 test2 fit = polyfit(gyn2 test2(:,1),gyn2 test2(:,2),1);
95 [r2,p2]=corrcoef(gyn2 test2);
96 gyn2 test3 fit = polyfit(gyn2 test3(:,1),gyn2 test3(:,2),1);
97 [r3,p3]=corrcoef(gyn2 test3);
98 gyn2 all fit = polyfit(gyn2 all(:,1),gyn2 all(:,2),1);
99 [ra2,pa2]=corrcoef(gyn2 all);

100

101 subplot(2,1,2): plot(gyn2 test1(:,1),gyn2 test1(:,2),'r.'); ...
hold on

102 plot(gyn2 test2(:,1),gyn2 test2(:,2),'b.');
103 plot(gyn2 test3(:,1),gyn2 test3(:,2),'g.');
104 plot(gyn2 all(:,1),gyn2 all fit(1)*gyn2 all(:,1)+gyn2 all fit(2),'k')
105 plot(gyn2 test1(:,1),gyn2 test1 fit(1)*gyn2 test1(:,1)+gyn2 test1 fit(2),'r');
106 plot(gyn2 test2(:,1),gyn2 test2 fit(1)*gyn2 test2(:,1)+gyn2 test2 fit(2),'b')
107 plot(gyn2 test3(:,1),gyn2 test3 fit(1)*gyn2 test3(:,1)+gyn2 test3 fit(2),'g')
108

109 legend('test 3','test 4','test 5','trendline')
110 xlabel('tissue strip number')
111 ylabel('On−time morcellator [s]')
112 title('Gynaecologist 2')
113 axis([0 70 0 20]);
114

115 % all data
116 beta = [gyn2 test1 fit(1) gyn2 test2 fit(1) ...

gyn2 test3 fit(1) gyn2 all fit(1)]';
117 alpha = [gyn2 test1 fit(2) gyn2 test2 fit(2) ...

gyn2 test3 fit(2) gyn2 all fit(2)]';
118 r = [r1(1,2) r2(1,2) r3(1,2) ra2(1,2)]';
119 p = [p1(1,2) p2(1,2) p3(1,2) pa2(1,2)]';
120 N = [length(gyn2 test1) length(gyn2 test2) ...

length(gyn2 test3) length(gyn2 all)]';
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121 data gyn2 = [N alpha beta r p]

C.4 IMR and CMR non-linear regression anal-

yses

1 % Regression analysis morcellationdata
2 % Code written by Ewout Arkenbout
3 % Masterstudent Biomedical Engineering − BioMechatronics
4 % Studentnummer 1218018
5 % June 10th, 2011
6 clc, clear all, close all
7 %% 2nd order regression
8 mt min gyn1 = [18 20 15 14]'; % morcellation time
9 mt sec gyn1 = [03 55 15 04]';

10 ba min gyn1 = [03 04 03 03]'; % blade active time
11 ba sec gyn1 = [49 19 30 03]';
12 mw gyn1 = [116 139 104 101]'; % morcellated weight
13 mt min gyn2 = [22 22 17]';
14 mt sec gyn2 = [38 57 48]';
15 ba min gyn2 = [04 04 03]';
16 ba sec gyn2 = [55 25 31]';
17 mw gyn2 = [191 192 163]';
18 % gyn = [morcellationtime (sec); activebladetime (sec); ...

morcellated weight (g)]
19 gyn1 = [(mt min gyn1*60)+mt sec gyn1 ...

(ba min gyn1*60)+ba sec gyn1 mw gyn1];
20 gyn2 = [(mt min gyn2*60)+mt sec gyn2 ...

(ba min gyn2*60+ba sec gyn2) mw gyn2];
21

22 %% Regression (y=alpha+beta*x+gamma*xˆ2) & pearson ...
correlation coefficient

23 alphaset = 0;
24 [alpha gyn1 IMR beta gyn1 IMR gamma gyn1 IMR r2 gyn1 IMR ...

r gyn1 IMR....
25 p gyn1 IMR] = soreg(gyn1(:,1),gyn1(:,3),alphaset);
26 [alpha gyn1 MCR beta gyn1 MCR gamma gyn1 MCR r2 gyn1 MCR ...

r gyn1 MCR...
27 p gyn1 MCR] = soreg(gyn1(:,2),gyn1(:,3),alphaset);
28 [alpha gyn2 IMR beta gyn2 IMR gamma gyn2 IMR r2 gyn2 IMR ...

r gyn2 IMR...
29 p gyn2 IMR] = soreg(gyn2(:,1),gyn2(:,3),alphaset);
30 [alpha gyn2 MCR beta gyn2 MCR gamma gyn2 MCR r2 gyn2 MCR ...

r gyn2 MCR...
31 p gyn2 MCR] = soreg(gyn2(:,2),gyn2(:,3),alphaset);
32
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33 alpha = [alpha gyn1 IMR alpha gyn1 MCR alpha gyn2 IMR ...
alpha gyn2 MCR]';

34 beta = [beta gyn1 IMR beta gyn1 MCR beta gyn2 IMR ...
beta gyn2 MCR]';

35 gamma = [gamma gyn1 IMR gamma gyn1 MCR gamma gyn2 IMR ...
gamma gyn2 MCR]';

36 r2 = [r2 gyn1 IMR r2 gyn1 MCR r2 gyn2 IMR r2 gyn2 MCR]';
37 p = [p gyn1 IMR p gyn1 MCR p gyn2 IMR p gyn2 MCR]';
38 data = [alpha beta*60 gamma*60ˆ2 r2 p]
39

40 figure(1)
41 x lim = 27*60';
42 x col = [0:10:x lim];
43 plot(gyn1(:,1),gyn1(:,3),'r*','MarkerFaceColor','r','MarkerSize',7); ...

hold on
44 plot(gyn1(:,2),gyn1(:,3),'bo','MarkerFaceColor','b','MarkerSize',7);
45 plot(gyn2(:,1),gyn2(:,3),'gd','MarkerFaceColor','g','MarkerSize',7);
46 plot(gyn2(:,2),gyn2(:,3),'cs','MarkerFaceColor','c','MarkerSize',7);
47 axis([0 x lim 0 250]);
48 xlabel('time [min]'); ylabel('morcellated weight [g]');
49 legend('IMR gyn1','MCR gyn1','IMR gyn2','MCR gyn2',4);
50 set(gca,'XTick',0:120:x lim)
51 set(gca,'XTickLabel',{0,2,4,6,8,10,12,14,16,18,20,22,24,26})
52 plot(x col,alpha(1)+beta(1)*x col+gamma(1)*x col.ˆ2,'r−−');
53 plot(x col,alpha(2)+beta(2)*x col+gamma(2)*x col.ˆ2,'b−−');
54 plot(x col,alpha(3)+beta(3)*x col+gamma(3)*x col.ˆ2,'g−−');
55 plot(x col,alpha(4)+beta(4)*x col+gamma(4)*x col.ˆ2,'c−−');
56 text(x lim*(1/2),beta(1)*x lim*(1/2)+gamma(1)*(x lim*(1/2))ˆ2,...
57 ' \leftarrow y=7.8x−0.06xˆ2; ...

rˆ2=.95','HorizontalAlignment','left');
58 text(7*60,beta(2)*7*60+gamma(2)*(7*60)ˆ2,...
59 ' \leftarrow y=30.8x+0.15xˆ2; ...

rˆ2=.90','HorizontalAlignment','left');
60 text(x lim*(2/3),beta(3)*x lim*(2/3)+gamma(3)*(x lim*(2/3))ˆ2,...
61 'y=11.9x−0.15xˆ2; rˆ2=.99 \rightarrow ...

','HorizontalAlignment','right');
62 text(7.5*60,beta(4)*7.5*60+gamma(4)*(7.5*60)ˆ2,...
63 ' \leftarrow y=66.1x−5.4xˆ2; ...

rˆ2=.91','HorizontalAlignment','left');

C.5 Significance relations analysis OR-data

1 %% Code written by Ewout A. Arkenbout
2 % Master student Biomechatronics − Biomedical Engineering
3 % Delft University of Technology, 24−12−2011
4 % Code for determining students simple t test for all ...

variables defined in
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5 % excel file and groups defined in coding. and ...
crosscorrelations for

6 % linear trendline generation. Plotting of these datasets ...
and trendlines.

7 clc, clear all, close all
8

9 %% Loading datasets
10 [ndata, text, raw] = xlsread('Morcellatiestudie.xls', ...

'AllData', 'A1:AJ19');
11

12 %% Correlation table
13 % remove NaN data from dataset ndata and determine ...

crosscorrelation
14 % coefficients for y=alpha+beta*x and zero−intercept ...

function y=beta*x
15 % Data is saved to the following parameters:
16 % table r, table p, table df, table r zilr, table p zilr, ...

table beta zilr
17 % and set.array which contains the basis data arrays
18 NaNdata = isnan(ndata);
19 table r=zeros(length(ndata(:,1)),length(ndata(1,:)));
20 table p = table r; table df = table r; table df zilr = table r;
21 table r zilr = table r; table p zilr = table r; ...

table beta zilr = table r;
22 for n=1:length(ndata(1,:));
23 for k=1:length(ndata(1,:));
24 x=1;
25 for m=1:length(ndata(:,1)); %create two collums to ...

crosscorrelate
26 if NaNdata(m,n)==0 && NaNdata(m,k)==0
27 array(x,1) = ndata(m,n);
28 array(x,2) = ndata(m,k);
29 array(x,3) = m;
30 x = x+1;
31 end
32 end
33 if n ≥ k && exist('array','var')==1
34 set(k,n).array = [array(:,2) array(:,1) array(:,3)];
35 % Determine and save correlation coefficient
36 [r p] = corrcoef([array(:,1) array(:,2)]);
37 table r(n,k) = r(2,1);
38 table p(n,k) = p(2,1);
39 table df(n,k) = length(array(:,1))−2;
40 % Zero intercept linear regression analysis
41 [beta r2 r p] = zilr(array(:,1),array(:,2));
42 table r zilr(n,k) = r;
43 table p zilr(n,k) = p;
44 table beta zilr(n,k) = beta;
45 table df zilr(n,k) = length(array(:,1))−1;
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46 end
47 clear array
48 end
49 end
50

51 %% Automatically find significant values and display in list
52 % Create a table which displays all important significant ...

data. Limiting
53 % which relations are shown can be done by defining the ...

'preference'
54 % variable.
55 % −−−−−−−−
56 % preference = 'Mmorce';
57 alpha set = 0.05;
58

59 x = 3; ...
table{1,1}='x';table{1,2}='i';table{1,3}='j';table{1,4}='r';

60 table{1,5}='p';table{1,6}='df';table{1,7}='var1';table{1,8}='var2';
61 table{2,1}='−−−';table{2,2}='−−−';table{2,3}='−−−';table{2,4}='−−−';
62 table{2,5}='−−−';table{2,6}='−−−';table{2,7}='−−−';table{2,8}='−−−';
63 for n=1:length(table p(:,1)); %create data table for normal ...

correlation
64 for k=1:length(table p(1,:));
65 if table p(n,k)<alpha set && table df(n,k) 6=0 &&...
66 strcmp(text(1,k),text(1,n))==0
67 table{x,1} = num2str(x−2);
68 table{x,2} = num2str(k);
69 table{x,3} = num2str(n);
70 table{x,4} = num2str(table r(n,k));
71 if table p(n,k) < 0.001
72 table{x,5}='<0.001';
73 else table{x,5} = num2str(table p(n,k));
74 end
75 table{x,6} = num2str(table df(n,k));
76 table(x,7) = text(1,k);
77 table(x,8) = text(1,n);
78 x = x+1;
79 end
80 end
81 end
82 x zilr = x−2; x = x+1;
83 for n=1:length(table p zilr(:,1)); %create data table for ...

zilr analyses
84 for k=1:length(table p zilr(1,:));
85 if table p zilr(n,k)<alpha set && table df(n,k) 6=0 &&...
86 strcmp(text(1,k),text(1,n))==0
87 table{x,1} = num2str(x−2);
88 table{x,2} = num2str(k);
89 table{x,3} = num2str(n);
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90 table{x,4} = num2str(table r zilr(n,k));
91 if table p zilr(n,k) < 0.001
92 table{x,5}='<0.001';
93 else table{x,5} = num2str(table p zilr(n,k));
94 end
95 table{x,6} = num2str(table df zilr(n,k));
96 table(x,7) = text(1,k);
97 table(x,8) = text(1,n);
98 x = x+1;
99 end

100 end
101 end
102 clear x
103

104 if exist('preference','var')==1 % Use specified preference ...
as filter

105 table2(1:2,1:8)=table(1:2,:);
106 x=3;
107 for n=1:length(table(:,1))
108 if strcmp(table(n,7),preference)==1 | | ...
109 strcmp(table(n,8),preference)==1
110 table2(x,1:8)=table(n,:);
111 x=x+1;
112 end
113 if n == x zilr+2
114 table2(x,1:8)=table(n,:);
115 x=x+1;
116 end
117 end
118 disp (table2)
119 clear preference
120 else disp(table)
121 clear x
122 end
123

124 %% Two−sample t−test
125 % Determine the presence of significant differences between ...

groups at all
126 % variables. All calculations are saved in ...

gr1(i).data/range/size,
127 % ttest table short and table group1−3.
128

129 % Seperate dataset based on uterine weight
130 distribution.category = 'ut';
131 distribution.groups = [350 750]; %<350/350−749/>750
132

133 % Prelocate tables
134 h = zeros(length(text(1,:)),3); p = h;
135 ttest h{1,2} ='1/2'; ttest h{1,3}='2/3'; ttest h{1,4}='1/3';
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136 ttest h(2:length(text(1,:))+1,1) = text(1,:)';
137 ttest p = ttest h;
138 ttest mean{1,2}='group1';ttest mean{1,3}='group2';ttest mean{1,4}='group3';
139 ttest mean(2:length(text(1,:))+1,1) = text(1,:)';
140 ttest sd = ttest mean; range min = ttest mean; range max = ...

ttest mean;
141

142 % Determine ttest2 significance and save in table
143 for i=1:length(text(1,:))−1
144 ttestvar = text(1,i);
145 clear j k
146 for n=1:length(text(1,:)) %find category and ...

testvariable indexnumbers
147 if strcmp(text(1,n),distribution.category)==1
148 j=n;
149 % in case the category and testvariable are the ...

same:
150 if strcmp(text(1,n),ttestvar)==1
151 k=n;
152 end
153 elseif strcmp(text(1,n),ttestvar)==1
154 k=n;
155 end
156 end
157

158 u=1; v=1; w=1;
159 if exist('j','var')==1 && exist('k','var')==1
160 for n=1:length(ndata(:,1)) %collect and separate ...

data in groups
161 if ndata(n,j) < distribution.groups(1,1) &&...
162 isnan(ndata(n,k))==0
163 group1(u,1:3)=[ndata(n,j) ndata(n,k) n];
164 u = u + 1;
165 elseif ndata(n,j) ≥ distribution.groups(1,1) &&...
166 ndata(n,j) < distribution.groups(1,2) &&...
167 isnan(ndata(n,k))==0
168 group2(v,1:3)=[ndata(n,j) ndata(n,k) n];
169 v = v + 1;
170 elseif ndata(n,j) > distribution.groups(1,2) &&...
171 isnan(ndata(n,k))==0
172 group3(w,1:3)=[ndata(n,j) ndata(n,k) n];
173 w = w + 1;
174 end
175 end
176 elseif exist('j','var')==0 && exist('k','var')==1
177 disp('Category not found.')
178 elseif exist('j','var')==1 && exist('k','var')==0
179 disp('Testvariable not found')
180 disp(text(1,i))
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181 end
182

183 if exist('group1','var')==1 && exist('group2','var')==1 ...
&&...

184 exist('group3','var')==1
185 alpha = 0.05;
186 g1=group1(:,2); g2=group2(:,2); g3=group3(:,2);
187

188 % Write data to workspace for later access
189 gr1(i).data=group1; gr2(i).data=group2; ...

gr3(i).data=group3;
190 gr1(i).range = [min(gr1(i).data(:,2)) ...

max(gr1(i).data(:,2))];
191 gr2(i).range = [min(gr2(i).data(:,2)) ...

max(gr2(i).data(:,2))];
192 gr3(i).range = [min(gr3(i).data(:,2)) ...

max(gr3(i).data(:,2))];
193 gr1(i).size = length(g1);
194 gr2(i).size = length(g2);
195 gr3(i).size = length(g3);
196 gr sizes(i,1:4)=[i gr1(i).size gr2(i).size gr3(i).size];
197

198 % Create Mean, SD and range tables
199 ttest mean{i+1,2}=num2str(mean(g1));
200 ttest sd{i+1,2}=num2str(std(g1));
201 ttest mean{i+1,3}=num2str(mean(g2));
202 ttest sd{i+1,3}=num2str(std(g2));
203 ttest mean{i+1,4}=num2str(mean(g3));
204 ttest sd{i+1,4}=num2str(std(g3));
205 range min{i+1,2}=num2str(gr1(i).range(1,1));
206 range max{i+1,2}=num2str(gr1(i).range(1,2));
207 range min{i+1,3}=num2str(gr2(i).range(1,1));
208 range max{i+1,3}=num2str(gr2(i).range(1,2));
209 range min{i+1,4}=num2str(gr3(i).range(1,1));
210 range max{i+1,4}=num2str(gr3(i).range(1,2));
211 [h(i,1),p(i,1)] = ttest2(g1,g2,alpha,'both','equal');
212 ttest h{i+1,2}=num2str(h(i,1));
213 ttest p{i+1,2}=num2str(p(i,1));
214 [h(i,2),p(i,2)] = ttest2(g2,g3,alpha,'both','equal');
215 ttest h{i+1,3}=num2str(h(i,2));
216 ttest p{i+1,3}=num2str(p(i,2));
217 [h(i,3),p(i,3)] = ttest2(g1,g3,alpha,'both','equal');
218 ttest h{i+1,4}=num2str(h(i,3));
219 ttest p{i+1,4}=num2str(p(i,3));
220 clear group1 group2 group3 g1 g2 g3
221 end
222 end
223 ttest table short=[ttest mean ttest p(:,2:4)]; ...

disp(ttest table short)
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224 table group1 = [ttest mean(:,1) ttest mean(:,2)...
225 ttest sd(:,2) range min(:,2) range max(:,2)];
226 table group2 = [ttest mean(:,1) ttest mean(:,3)...
227 ttest sd(:,3) range min(:,3) range max(:,3)];
228 table group3 = [ttest mean(:,1) ttest mean(:,4)...
229 ttest sd(:,4) range min(:,4) range max(:,4)];
230

231 %% Choose which significant relation to plot, including ...
trendline

232 % Plot all the trendline associated with the x−value input. ...
To include a

233 % second trendline in the plot, created out of any single or ...
combination of

234 % group data, add x array2 and y array2 to the if−then ...
coding section

235 % highlighted with an arrow <−−−−−
236 % −−−−−−−−−−−−−−
237 flip = 0; %change between 0 and 1 to toggle axis (i.e. flip ...

x and y)
238 % −−−−−−−−−−−−−−
239 % Choose x−value from table presented in command window.
240 % All x−values selected will be plotted. Keep track of which ...

axis are used!
241 % Max x−values used = 4. Text will only be plotted in the ...

graph if x =< 4.
242 % Manually add legend to the graph! Interesting plots are:
243 % x = [47 43 122 119]; % morcellation rates
244 x = [122 119]
245 % x = [86 74] % irrigation time vs. debris and strips
246 % x = [87 75] % f irr vs. debris and strips
247 % x = 40 % irrigation time vs. f irr
248 % x = 65; % IMR vs f irr
249 % x = 78; % parity vs debris
250 % x = 91; % ASW vs recup
251 % x= [49 47]; % irr & ttot vs mmorce
252 % x=34 % Ttot vs irr −−> exp relation
253 % x=[76 88] % strips & debris vs Mmorce
254 % x=44 % <−−−−− choose x
255 close all
256

257 cl(1)={'b'}; cl(2)={'r'}; cl(3)={'g'}; cl(4)={'c'};
258 gp(1)={'*'}; gp(2)={'o'}; gp(3)={'s'}; gp(4)={'d'};
259 tl(1)={'−'}; tl(2)={'−−'}; tl(3)={':'}; tl(4)={'−.'};
260 yy(1)={'y1='}; yy(2)={'y2='}; yy(3)={'y3='}; yy(4)={'y4='};
261 if length(x) == 1; yy(1)={'y='}; end
262 for ww=1:length(x(1,:))
263

264 clear alpha beta;
265 disp([table(1:2,:); table(x+2,:)]);
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266 i=str2double(table(x(1,ww)+2,2)); ...
j=str2double(table(x(1,ww)+2,3));

267 array1 = set(i,j).array(:,1);
268 array2 = set(i,j).array(:,2);
269

270 u=1;v=1;w=1;
271 for n=1:length(gr1(i).data(:,3)) %equalize group1 arrays
272 b = find(set(i,j).array(:,3)==gr1(i).data(n,3));
273 if b 6=0
274 array group1(u,1:2) = [array1(b,:) array2(b,:)];
275 u=u+1;
276 end
277 end
278 for n=1:length(gr2(i).data(:,3)) %equalize group2 arrays
279 b = find(set(i,j).array(:,3)==gr2(i).data(n,3));
280 if b 6=0
281 array group2(v,1:2) = [array1(b,:) array2(b,:)];
282 v=v+1;
283 end
284 end
285 for n=1:length(gr3(i).data(:,3)) %equalize group3 arrays
286 b = find(set(i,j).array(:,3)==gr3(i).data(n,3));
287 if b 6=0
288 array group3(w,1:2) = [array1(b,:) array2(b,:)];
289 w=w+1;
290 end
291 end
292

293 if flip == 0 % <−−−−−
294 x array=array1; y array=array2;
295 x array2=[array group1(:,1); array group2(:,1)];
296 y array2=[array group1(:,2); array group2(:,2)];
297 a=7; b=8;
298 else
299 x array=array2; y array=array1;
300 y array2=[array group1(:,1); array group2(:,1)];
301 x array2=[array group1(:,2); array group2(:,2)];
302 a=8; b=7;
303 end
304 plot(x array,y array,'MarkerEdgeColor',cl{ww},'Marker',gp{ww},...
305 'LineStyle','none'); hold on;
306 xlabel(table(x(1,ww)+2,a)); ylabel(table(x(1,ww)+2,b));
307 xlim([0 max(x array)*1.1]); ylim([0 max(y array)*1.1]);
308

309 % create trendline
310 if x(1,ww) < x zilr
311 [fit] = polyfit(x array,y array,1);
312 beta=fit(1,1); alpha=fit(1,2);
313 x trendline = [min(x array); max(x array)];
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314 y trendline = ones(2,1).*alpha+x trendline.*beta;
315 elseif x(1,ww) > x zilr
316 if flip == 1
317 beta = table beta zilr(j,i);
318 else beta = 1/table beta zilr(j,i);
319 end
320 x trendline = [min(x array); max(x array)];
321 y trendline = x trendline.*beta;
322 end
323 plot(x trendline,y trendline,'MarkerEdgeColor',cl{ww},'Marker','none',...
324 'LineStyle',tl{ww},'Color',cl{ww},'LineWidth',2);
325

326 % insert trendline & significance text
327 if exist('alpha','var')==1
328 if alpha ≥ 0
329 uistr(1+5*(ww−1)) = {[yy{ww},num2str(beta),...
330 'x','+',num2str(alpha)]};
331 else uistr(1+5*(ww−1)) = {[yy{ww},num2str(beta),...
332 'x',num2str(alpha)]};
333 end
334 else uistr(1+5*(ww−1)) = {[yy{ww},num2str(beta),'x']};
335 end
336 uistr(2+5*(ww−1)) = {['r=',table{x(1,ww)+2,4}]};
337 if strcmp(table{x(1,ww)+2,5},'<0.001')==1
338 uistr(3+5*(ww−1)) = {['p',table{x(1,ww)+2,5}]};
339 else uistr(3+5*(ww−1)) = {['p=',table{x(1,ww)+2,5}]};
340 end
341 uistr(4+5*(ww−1)) = {['df=',table{x(1,ww)+2,6}]};
342 if length(x(1,:)) > 1
343 uistr(5+5*(ww−1)) = {'−−−−−−−−−−−−−−−−−−−−−−−−−−−−'};
344 end
345

346 % Insert text into graph
347 positionLU = [80 (320−(ww−1)*70) 120 (60*ww+10*(ww−1))];
348 positionRB = [370 60 120 (60*ww+10*(ww−1))];
349 positionRU = [370 (320−(ww−1)*70) 120 (60*ww+10*(ww−1))];
350 uicontrol('Style','text','Position',positionLU,'String',uistr);
351

352 % Add x array2 and y array2 and plot with trendline
353 if exist('x array2','var')==1 && exist('y array2','var')==1 ...

&&...
354 length(x) ==1
355 plot(x array2,y array2,'ro'); hold on;
356

357 % add trendline
358 if x(1,ww) < x zilr
359 [fit] = polyfit(x array2,y array2,1);
360 beta2=fit(1,1); alpha2=fit(1,2);
361 x trendline2 = [min(x array2); max(x array2)];
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362 y trendline2 = ones(2,1).*alpha2+x trendline2.*beta2;
363 % determine crosscorrelation and significance of ...

trendline
364 [r p] = corrcoef([x array2 y array2]);
365 r = r(2,1); p = p(2,1);
366 elseif x(1,ww) > x zilr
367 [beta2 r2 r p] = zilr(x array2,y array2);
368 % if flip == 0
369 % beta2 = 1/beta2;
370 % end
371 x trendline2 = [min(x array2); max(x array2)];
372 y trendline2 = x trendline2.*beta2;
373 end
374 df = length(x array2)−2;
375 plot(x trendline2,y trendline2,'r−−','LineWidth',2);
376 legend('all data','trendline y1','combined groups ...

1&2','trendline y2')
377

378 % add text in graph
379 if exist('alpha','var')==1
380 if alpha ≥ 0
381 uistr(1) = ...

{['y1=',num2str(beta),'x','+',num2str(alpha)]};
382 else uistr(1) = ...

{['y1=',num2str(beta),'x',num2str(alpha)]};
383 end
384 else uistr(1) = {['y1=',num2str(beta),'x']};
385 end
386

387 uistr(5) = {'−−−−−−−−−−−−−−−−−−−−−−−−−−−−'};
388 if exist('alpha2','var')==1
389 if alpha2 ≥ 0
390 uistr(6) = ...

{['y2=',num2str(beta2),'x','+',num2str(alpha2)]};
391 else uistr(6) = ...

{['y2=',num2str(beta2),'x',num2str(alpha2)]};
392 end
393 else uistr(6) = {['y2=',num2str(beta2),'x']};
394 end
395

396 uistr(7) = {['r=',num2str(r)]};
397 if p<0.001
398 uistr(8) = {'p<0.001'};
399 else uistr(8) = {['p=',num2str(p)]};
400 end
401 uistr(9) = {['df=',num2str(df)]};
402

403 % overwrite previous text and readjust position
404 positionLU = [80 250 120 130];
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405 positionRB = [370 60 120 130];
406 uicontrol('Style','text','Position',positionRB,'String',uistr);
407 end
408 end

C.6 Surgeon comparison OR-data

1 %% Code written by Ewout A. Arkenbout
2 % Master student Biomechatronics − Biomedical Engineering
3 % Delft University of Technology, 05−01−2011
4 % Determine presence of significant differences in variables ...

between
5 % surgeons.
6 clc, clear all, close all
7 [ndata, text, raw] = xlsread('Morcellatiestudie.xls', ...

'AllData', 'A1:AJ19');
8

9 %% Find three variables
10 variables(1)={'Surgeon'};
11 variables(2)={'Mmorce'};
12 variables(3)={'Ttot'};
13 variables(4)={'PMR'};
14 variables(5)={'ASW'};
15 x=1;
16 for j=1:length(variables(1,:))
17 for i=1:length(text(1,:))
18 if strcmp(variables(j),text(1,i))==1
19 dataset(x).variable=variables(j);
20 if isnan(ndata(2,i))==0
21 dataset(x).array=ndata(:,i);
22 else dataset(x).array=text(:,i);
23 end
24 x=x+1;
25 end
26 end
27 end
28

29 %% seperate datasets to surgeon
30

31 fwj=1; at=1; ukn=1;
32 for i=1:length(dataset(1).array(:,1))−1
33 if strcmp(dataset(1).array(i,1),'FWJ')==1
34 array.FWJ(fwj,1:4)=[dataset(2).array(i,1) ...

dataset(3).array(i,1)...
35 dataset(4).array(i,1) dataset(5).array(i,1)];
36 fwj=fwj+1;
37 elseif strcmp(dataset(1).array(i,1),'AT')==1
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38 array.AT(at,1:4)=[dataset(2).array(i,1) ...
dataset(3).array(i,1)...

39 dataset(4).array(i,1) dataset(5).array(i,1)];
40 at=at+1;
41 else array.ukn(ukn,1:4)=[dataset(2).array(i,1) ...

dataset(3).array(i,1)...
42 dataset(4).array(i,1) dataset(5).array(i,1)];
43 ukn=ukn+1;
44 end
45 end
46

47 %% Plot separate datasets
48 plot(array.FWJ(:,2),array.FWJ(:,1),'b*'); hold on
49 plot(array.AT(:,2),array.AT(:,1),'r*')
50

51 %% simple students t test
52 for i=1:length(variables)−1
53 [h,p(i,1)] = ...

ttest2(array.FWJ(:,i),array.AT(:,i),0.05,'both','equal');
54 end
55 array.FWJmean = mean(array.FWJ);
56 array.FWJsd = std(array.FWJ);
57 array.FWJdf = length(array.FWJ(:,1));
58 array.ATmean = mean(array.AT);
59 array.ATsd = std(array.AT);
60 array.ATdf = length(array.AT(:,1));

C.7 Morcellator on-time vs. tissue strip num-

ber, OR-data

1 %% Code written by Ewout A. Arkenbout
2 % Master student Biomechatronics − Biomedical Engineering
3 % Delft University of Technology, 04−01−2011
4 % Code for determining relation between morcellator on−time ...

and tissue
5 % strip number
6 clc, clear all, close all
7

8 [ndata, text, raw] = ...
xlsread('Morcellatiestudie.xls','T2eVsStripNo','D1:AE133');

9

10 %% Create patient arrays
11 [h w] = size(ndata);
12 for i=1:2:w
13 index = (i+1)/2;
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14 patient(index).length = max(ndata(2:h,i)); % measure ...
length array

15 L = patient(index).length;
16 patient(index).array = [ndata(2:L+1,i) ...

ndata(2:L+1,i+1).*24*60*60];
17 patient(index).number = ndata(1,i);
18 end
19

20 % Create one total array
21 array = patient(1).array;
22 for i=2:w/2
23 temp = patient(i).array;
24 array = [array; temp];
25 end
26

27 plot(array(:,1), array(:,2),'b*'); hold on
28 xlabel('Tissue strip number')
29 ylabel('On−time morcellator [s]')
30 axis([0 h 0 70])
31

32 %% Determine cross−correlation, significance and trendline ...
for each patient

33 % for i=1:w/2
34 % [r p] = corrcoef([patient(i).array(:,1) ...

patient(i).array(:,2)]);
35 % patient(i).r = r(2,1); patient(i).p = p(2,1);
36 % [fit] = ...

polyfit(patient(i).array(:,1),patient(i).array(:,2),1);
37 % patient(i).beta=fit(1,1); patient(i).alpha=fit(1,2);
38 % patient(i).tlx = 1:h;
39 % patient(i).tly = ...

patient(i).tlx.*patient(i).beta+patient(i).alpha;
40 % plot(patient(i).tlx, patient(i).tly, ...

'g−','Linewidth',2); hold on
41 % end
42

43 %% Determine cross−correlation, significance and trendline ...
for all data

44 [r p] = corrcoef([array(:,1) array(:,2)]);
45 r = r(2,1); p = p(2,1);
46 [fit] = polyfit(array(:,1),array(:,2),1);
47 beta=fit(1,1); alpha=fit(1,2);
48 trendline x = 1:h;
49 trendline y = trendline x.*beta+alpha;
50 plot(trendline x, trendline y, 'r−','Linewidth',3)
51 trendline invitro y = trendline x.*−0.08+5.6;
52 plot(trendline x, trendline invitro y, 'g−−','Linewidth',3)
53 legend('Data points','y1 Trendline dataset','y2 Trendline ...

In−vitro data')
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54

55 %% Display data in plot
56 uistr(1) = {['y1=',num2str(beta),'x','+',num2str(alpha)]};
57 uistr(2) = {['r=',num2str(r)]};
58 uistr(3) = {['p=',num2str(p)]};
59 uistr(4) = {['df=',num2str(length(array(:,1)))]};
60 uistr(5) = {'−−−−−−−−−−−−−−−−−−−−−−−−−−−−'};
61 uistr(6) = {'y2=−0.08x+5.6'};
62 uistr(7) = {'r=−0.3801'};
63 uistr(8) = {'p=1.2e−7'};
64 uistr(9) = {'df=180'};
65 position = [580 250 120 130];
66 uicontrol('Style','text','Position',position,'String',uistr);

C.8 Determination morcellation time vs irri-

gation time, OR-data

1 %% Code written by Ewout A. Arkenbout
2 % Master student Biomechatronics − Biomedical Engineering
3 % Delft University of Technology, 05−01−2011
4 % Determine non−linear relation between morcellation time ...

and irrigation
5 % and inspection time
6 clc, clear all, close all
7 [ndata, text, raw] = xlsread('Morcellatiestudie.xls', ...

'AllData', 'A1:AJ19');
8 %% Remove uterine weight higher then 750g from dataset (keep ...

only gr1&2)
9 Mmax = 750;

10 for n=1:length(text(1,:)) % find uterine weight column
11 if strcmp(text(1,n),'ut')==1
12 ut index = n;
13 end
14 end
15

16 x=1;
17 for j=1:length(ndata(1,:)) % remove group 3 from data
18 for i = 1:length(ndata(:,1))
19 if ndata(i,ut index) < Mmax
20 ndata2(x,j)=ndata(i,j);
21 x=x+1;
22 end
23 end
24 x=1;
25 end
26 ndata = ndata2; clear ndata2 x i j n
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27

28 for j=1:length(text(1,:)) % index all parameters
29 index1(j) = {num2str(j)};
30 index2(j) = {text(1,j)};
31 end
32 index = [index1' index2']; clear index1 index2 j
33

34 %% Relation between Mmorce and Tmorce
35 figure(1)
36 % Find Mmorce, Tmorce and IMR arrays
37 find x = 'Mmorce';
38 find y = 'Ttot';
39 find z = 'PMR';
40 for j=1:length(index(:,1))
41 if strcmp(index{j,2},find x)==1
42 array1 = ndata(:,j); %Mmorce
43 elseif strcmp(index{j,2},find y)==1
44 array2 = ndata(:,j); %Tmorce
45 elseif strcmp(index{j,2},find z)==1
46 array3 = ndata(:,j); %PMR
47 end
48 end
49 x=1;
50 for n=1:length(array1) % remove NaNdata and equalize arrays
51 if isnan(array1(n,1))==0 && isnan(array2(n,1))==0 &&...
52 isnan(array3(n,1))==0
53 array x(x,1) = array1(n,1);
54 array y(x,1) = array2(n,1);
55 array z(x,1) = array3(n,1);
56 x=x+1;
57 end
58 end
59 clear array1 array2 array3 x n
60

61 Mmorce = 1:Mmax;
62 % plot Ttot vs Mmorce zilr trendline
63 [IMR avg r2 r p] = zilr(array y,array x);
64 df = length(array x)−1;
65 Ttot = Mmorce./(IMR avg);
66 subplot(2,2,2): plot(array x,array y,'b*');
67 hold on; xlabel(find x); ylabel(find y);
68 plot(Mmorce,Ttot,'b−−')
69 title({['y=x/',num2str(IMR avg)],...
70 ['r=',num2str(r),', p=',num2str(p),',df=',num2str(df)]})
71 % determine IMR(Mmorce) trendline
72 [fit] = polyfit(array x,array z,1);
73 [r p] = corrcoef(array x,array z);
74 df = length(array x)−2;
75 subplot(2,2,1): plot(array x,array z,'r*');
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76 hold on; xlabel(find x); ylabel(find z);
77 IMR Mmorce = fit(1,1)*Mmorce+fit(1,2);
78 disp(['IMR(Mmorce)=',num2str(fit(1,1)),'*x+',num2str(fit(1,2))])
79 plot(Mmorce,IMR Mmorce,'r−−')
80 title({['y=',num2str(fit(1,1)),'x+',num2str(fit(1,2))],...
81 ['r=',num2str(r(2,1)),', ...

p=',num2str(p(2,1)),',df=',num2str(df)]})
82

83 % calculate Ttot(Mmorce) with IMR Mmorce and add trendline ...
in figure

84 Ttot Mmorce = Mmorce./(IMR Mmorce);
85 subplot(2,2,2): plot(Mmorce,Ttot Mmorce,'r−−');
86 % [fit] = polyfit(array x,array y,2);
87 % Ttot Mmorce2 = fit(1,1)*Mmorce.ˆ2+fit(1,2)*Mmorce+fit(1,3);
88 % subplot(2,2,2): plot(Mmorce,Ttot Mmorce2,'g−−');
89

90 %%
91 figure(2)
92 plot(array x,array y,'b*'); hold on;
93 plot(Mmorce,Ttot,'b−','Linewidth',2);
94 plot(Mmorce,Ttot Mmorce,'r−−','Linewidth',2);
95 xlabel('Morcellated mass (g)'); ylabel('Morcellation time ...

(min)');
96 legend('Dataset group 1&2','Linear approx.','Non−Lnear ...

approx.',4)
97

98 %% Relation between t irr and Mmorce
99 % Find Mmorce and Tmorce arrays

100 clear array x array y array z
101 find x = 'Mmorce';
102 find y = 'Ttot';
103 find z = 'irr&insp';
104 figure(1)
105 for j=1:length(index(:,1))
106 if strcmp(index{j,2},find x)==1
107 array1 = ndata(:,j); %Mmorce
108 elseif strcmp(index{j,2},find y)==1
109 array2 = ndata(:,j); %Ttot
110 elseif strcmp(index{j,2},find z)==1
111 array3 = ndata(:,j); %irr&insp
112 end
113 end
114 x=1;
115 for n=1:length(array1) % remove NaNdata and equalize arrays
116 if isnan(array1(n,1))==0 && isnan(array2(n,1))==0 &&...
117 isnan(array3(n,1))==0
118 array x(x,1) = array1(n,1);
119 array y(x,1) = array2(n,1);
120 array z(x,1) = array3(n,1);
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121 x=x+1;
122 end
123 end
124 clear array1 array2 array3 x n
125

126 Ttot = 0:40/(length(Mmorce)−1):40;
127 % Determine relation Tirr(Mmorce)
128 subplot(2,2,3): plot(array x,array z,'b*'); hold on
129 xlabel(find x); ylabel(find z);
130 [fit] = polyfit(array x,array z,1);
131 [r p] = corrcoef(array x,array z);
132 df = length(array x)−2;
133 Tirr Mmorce = fit(1,1)*Mmorce+fit(1,2);
134 disp(['Tirr(Mmorce)=',num2str(fit(1,1)),'*x+',num2str(fit(1,2))])
135 plot(Mmorce,Tirr Mmorce,'b−−');
136 title({['y=',num2str(fit(1,1)),'x+',num2str(fit(1,2))],...
137 ['r=',num2str(r(2,1)),', ...

p=',num2str(p(2,1)),',df=',num2str(df)]})
138

139 %% Plot Tirr vs Mmorce
140 figure(3)
141 plot(array x,array z,'b*'); hold on
142 Tirr Mmorce = fit(1,1)*Mmorce+fit(1,2);
143 plot(Mmorce,Tirr Mmorce,'b−−');
144 xlabel('Morcellated mass (g)'); ylabel('Irrigation time (min)')
145 %% Plot T morce vs T irr + trendline
146 figure(1)
147 subplot(2,2,4): plot(Ttot Mmorce,Tirr Mmorce); hold on
148 ylabel('t {irr}'); xlabel('t {morcellation}');
149 plot(array y,array z,'b*');
150

151 figure(4)
152 plot(Ttot Mmorce,Tirr Mmorce); hold on
153 ylabel('Irrigation time (min)'); xlabel('Morcellation time ...

(min)');
154 plot(array y,array z,'b*');
155 axis([0 30 0 30])
156

157 % sumbolic function Tmorce vs Tirr
158 syms Tm Mm beta1 alpha1
159 syms Tirr beta2 alpha2
160 Mm = (Tirr−alpha2)/beta2;
161 Tm = simple(Mm/(beta1*Mm+alpha1));
162 disp('Tmorce='); disp(Tm);
163

164 %% 3d plot
165 figure(5)
166 plot3(Ttot Mmorce,Tirr Mmorce,Mmorce,'b'); hold on; grid on
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167 ylabel('t {irr}'); xlabel('t {morcellation}'); ...
zlabel('m {morce}');

168 plot3(array y,array z,array x,'b*');

C.9 Time-action analysis, test data vs. OR

data

1 %% Code written by Ewout A. Arkenbout
2 % Master student Biomechatronics − Biomedical Engineering
3 % Delft University of Technology, 05−01−2011
4 % Student t test comparison of time−action analysis ...

testsetup and OR data
5 clc, clear all, close all
6

7 %% Or−data collection
8 [ndata,text,raw]=xlsread('Morcellatiestudie.xls','AllData','A1:AJ19');
9 array OR.categoriesnr = length(text(1,:));

10 for z=1:1
11 resize = 1; % 1=add column to end, 0=add column to beginning
12 if length(ndata(1,:)) 6=length(text(1,:)) % equalize matrices ...

in size
13 if resize == 0;
14 ndata = [NaN(length(ndata(:,1)),1) ndata];
15 elseif resize == 1;
16 ndata = [ndata NaN(length(ndata(:,1)),1)];
17 else disp('Arrays not of equal size. Adjust resize index!')
18 end
19 end
20

21 for j=1:length(raw(1,:)) % structure all data for easy access
22 if j ≤ length(text(1,:))
23 array OR(j).name = text(1,j);
24 array OR(j).text = text(2:length(text(:,1)),j);
25 end
26 if j ≤ length(ndata(1,:))
27 array OR(j).ndata = ndata(:,j);
28 end
29 end
30 clear ndata text raw j z resize
31 end % structure all data for easy access. Output=array OR.index
32

33 [ndata,text,raw]=xlsread('morcellationtestdata.xlsx','All ...
data','A1:K24');

34 % flip matrices due to structure of excel file
35 ndata = ndata'; text = text'; raw = raw';
36 array test.categoriesnr = length(text(1,:));
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37 for z=1:1
38 resize = 0; % 1=add column to end, 0=add column to beginning
39 if length(ndata(1,:)) 6=length(text(1,:)) % equalize matrices ...

in size
40 if resize == 0;
41 ndata = [NaN(length(ndata(:,1)),1) ndata];
42 elseif resize == 1;
43 ndata = [ndata NaN(length(ndata(:,1)),1)];
44 else disp('Arrays not of equal size. Adjust resize index!')
45 end
46 end
47

48 for j=1:length(raw(1,:)) % structure all data for easy access
49 if j ≤ length(text(1,:))
50 array test(j).name = text(1,j);
51 array test(j).text = text(2:length(text(:,1)),j);
52 end
53 if j ≤ length(ndata(1,:))
54 array test(j).ndata = ndata(:,j);
55 end
56 end
57 clear ndata text raw j z resize
58 end % structure all data for easy access. ...

Output=array test.index
59

60 %% Create Time−action analysis matrices and remove NaN−data
61 % taa = [f1 f2 f3], index = [17 19 21]
62 taa = [array OR(17).ndata array OR(19).ndata ...

array OR(21).ndata];
63 x=1; for n=1:length(taa(:,1)) % remove NaN data from taa table
64 if isnan(taa(n,:)) == [0 0 0];
65 if array OR(27).ndata(n,1)<350; % also removed ...

weight below 350g
66 taa OR(x,:) = taa(n,:);
67 x=x+1;
68 end
69 end
70 end
71 clear taa x n
72 % taa = [f1 f2 f3], index = [13 15 17]
73 taa = [array test(13).ndata array test(15).ndata ...

array test(17).ndata];
74 x=1; for n=1:length(taa(:,1)) % remove NaN data from taa table
75 if isnan(taa(n,:)) == [0 0 0];
76 taa test(x,:) = taa(n,:)./100;
77 x=x+1;
78 end
79 end
80 clear taa x n
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81

82 %% determine significance with student t test and create ...
disp table

83 h=NaN(1,length(taa OR(1,:))); p=h;
84 for n=1:length(taa OR(1,:))
85 [h(n),p(n)] = ...

ttest2(taa test(:,n),taa OR(:,n),0.05,'both','equal');
86 end
87 array OR avg = mean(taa OR); array OR sd = std(taa OR);
88 array test avg = mean(taa test); array test sd = std(taa test);
89 table = [array test avg' array test sd' array OR avg' ...

array OR sd' p'];
90 disp(table)
91 clear h n
92

93 %% student's t−test for all testdata
94 FWJ=1; KdK=1;
95 for i=1:array test(1).categoriesnr % separate all data to ...

gynaecologist
96 for n=1:length(array test(3).text)
97 if strcmp(array test(3).text(n,1),'FWJ')==1
98 array test(i).FWJ(FWJ,1)=array test(i).ndata(n,1);
99 FWJ=FWJ+1;

100 elseif strcmp(array test(3).text(n,1),'KdK')==1
101 array test(i).KdK(KdK,1)=array test(i).ndata(n,1);
102 KdK=KdK+1;
103 end
104 end
105 FWJ=1; KdK=1;
106 end
107 clear i n FWJ KdK
108

109 for i=1:array test(1).categoriesnr % determine significance
110 [h(i,1),p2(i,1)] = ...

ttest2(array test(i).FWJ(2:5,1),array test(i).KdK(3:5,1)...
111 ,0.05,'both','equal');
112 p2 names{i,1} = array test(i).name;
113 end
114 clear i h

C.10 Vibrational mechanism and electromo-

tor calculations

1 %% Code written by Ewout A. Arkenbout
2 % Master student Biomechatronics − Biomedical Engineering
3 % Delft University of Technology, 05−01−2011
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4 % Calculations neccessary dimensions and motor specifications
5 clc, clear all, close all
6 %% fill−in variables
7 n = 2; %Number of cycles
8 Fmax = 30; %maximum load on any number of tooth ...

combined[N]
9 d blade = 28; %[mm]

10 L offcentre = 8; %distance offcentre axle to axle [mm]
11 L m2b = 62; %distance of centre motor to centre ...

blade [mm]
12 Pmotor = 36; %motor power [W]
13 RPM = 3700; %motor RPM
14

15 %% Motor specifications
16 Tmotor = Pmotor/((RPM/60)*2*pi)
17 Fmotor = Tmotor./(L offcentre/1000);
18

19 %% transfer calculations
20 gamma = [1:360]'; %motor rotation
21 for m = 2:n %allowing multiple cycles
22 add = [1:360]';
23 gamma = [gamma; add];
24 end
25 h = cos(deg2rad(gamma))*−L offcentre−L m2b; %height of ...

offcentre axle on wheel
26 vib angle = rad2deg(atan(L offcentre./L m2b)) %max vibration ...

angle
27 v tan = (L offcentre/1000)*(RPM/60)*2*pi; %speed profile ...

offcentre pin
28 v tan h norm = (v tan*cos(deg2rad(gamma)))./v tan; ...

%horizontal speed profile offcentre pin
29 v tan v norm = (v tan*sin(deg2rad(gamma)))./v tan; %vertical ...

" "
30 alpha = v tan v norm*vib angle; % vibration angle as ...

function of gamma
31 beta = 90−(gamma−alpha); %angle of force to groove
32 Fperp = Fmotor*sin(deg2rad(beta)); %force perpendicular to ...

groove
33 L torque = (sqrt(((L offcentre*v tan v norm).ˆ2)+...
34 ((L m2b+L offcentre*v tan h norm).ˆ2)))/1000; %moment ...

arm of Fperp
35 Torque motor = L torque.*Fperp; %Torque applied through ...

transfer unit
36

37 %% Total torque
38 Torque = Torque motor;%−Torque spring;
39

40 %% Necessary torque to overcome
41 r = (d blade/1000)/2;
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42 Tmax = r*Fmax; %Nm
43 Tmax1 = Tmax*ones(length(gamma));
44 Tmax2 = Tmax*ones(length(gamma))*−1;
45

46 %% Graph
47 figure(1)
48 gamma = [1:n*360];
49 subplot(4,2,1): plot(gamma,h);
50 xlabel('motor angle [deg]'); set(gca,'XTick',0:90:n*360);
51 ylabel('offcentre axle height [mm]');
52 grid on
53 subplot(4,2,3): plot(gamma,beta);
54 xlabel('motor angle [deg]'); set(gca,'XTick',0:90:n*360)
55 ylabel('angle F to groove [deg]'); set(gca,'YTick',−360:90:360)
56 grid on
57 subplot(4,2,[5 6 7 8]): plot(gamma,Fperp);
58 xlabel('motor angle [deg]'); set(gca,'XTick',0:90:n*360)
59 ylabel('Force perp. to groove [N]')
60 grid on
61 xlabel('motor angle [deg]'); set(gca,'XTick',0:90:n*360)
62 ylabel('Torque applied on blade [Nm]')
63 legend('Torque transfered from motor',...
64 'Minimum required Torque with maximum load')
65 grid on
66

67 %% Schematic representation
68 circle = rsmak('circle');
69 circle blade = fncmb(circle,[d blade/2 0; 0 d blade/2]);
70 circle blade = fncmb(circle blade,[0;0]);
71 circle motor = fncmb(circle,[2 0; 0 2]);
72 circle motor1 = fncmb(circle motor,[0;−L m2b−L offcentre]);
73 circle motor2 = fncmb(circle motor, [−L offcentre;−L m2b]);
74 circle motor3 = fncmb(circle motor, [L offcentre;−L m2b]);
75 circle motorlarge = fncmb(circle,[L offcentre+5 0; 0 ...

L offcentre+5]);
76 circle motorlarge = fncmb(circle motorlarge, [0;−L m2b]);
77

78 subplot(4,2,[2 4])
79 lengthx = L m2b+L offcentre+10+(d blade/2)+5;
80 axis([−lengthx/2 lengthx/2 −L m2b−L offcentre−10 ...

(d blade/2)+5]);
81 axis square; grid on; hold on;
82 fnplt(circle blade); fnplt(circle motorlarge);
83 fnplt(circle motor1); fnplt(circle motor2,'−−'); ...

fnplt(circle motor3,'−−');
84 line([0 0 0],[d blade/2 0 ...

−L m2b−L offcentre],'linestyle','−−','Linewidth',1,'color','red')
85 x1 = sin(deg2rad(vib angle))*(d blade/2);
86 y1 = cos(deg2rad(vib angle))*(d blade/2);
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87 x2 = tan(deg2rad(vib angle))*(−L m2b);
88 y2 = −L m2b;
89 line([x1 x2],[y1 ...

y2],'linestyle','−−','Linewidth',1,'color','red')
90 line([−x1 −x2],[y1 ...

y2],'linestyle','−−','Linewidth',1,'color','red')
91

92 circle tf1 = fncmb(circle,[3+d blade/2 0; 0 3+d blade/2]);
93 fnplt(circle tf1,'g');
94 rectangle('Position',[−3,−L m2b−L offcentre−3,6,L offcentre*2+6],...
95 'Curvature',[0.4,0.4],'LineWidth',2,'LineStyle','−','EdgeColor','green')
96 rectangle('Position',[−6,−L m2b−L offcentre−6,12,L offcentre+L m2b−d blade/2+3],...
97 'Curvature',[0.4,0.4],'LineWidth',2,'LineStyle','−','EdgeColor','green')
98

99 %% LateX figure
100 figure(2)
101 plot(gamma,Torque,'b',gamma,Tmax1,'r',gamma,Tmax2,'r');
102 xlabel('Motor angle [deg]'); set(gca,'XTick',0:45:360)
103 ylabel('Torque [Nm]')
104 axis([0 360 −1.1 1.2]); legend('T(\gamma)','T {stall}',4)
105 grid on
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Appendix D

Intra-operative morcellation
data gathering fill-in form

Data gathering sheet used for collection of data needed for the assessment of
the functionality of a motor peeling morcellator. The letter and fill-in form
have been presented to surgeons to request their assistance in obtaining the
necessary data. Additionally, laparoscopy videos of those procedures were
obtained and time-action analyses made.
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04-03-2011 

Geachte heer/ mevrouw, 

Literatuur onderzoek vanuit de TU Delft naar de functionaliteit van morcellatoren heeft aangetoond 

dat er in de praktijk veel variatie is in de morcellatiesnelheid (de gemorcelleerde massa gedeeld door 

de verwijderingtijd; eenheid g/min). Het blijft een vraag in hoeverre de door fabrikanten genoemde 

functionaliteit en snelheid van morcellatoren overeenkomt met de praktijk, en welke factoren 

meespelen die een morcellatieprocess versnellen of vertragen. Het inzicht verkregen door dit 

onderzoek kan bijdragen aan het optimaliseren van zowel het medische instrument, als de procedure. 

Daarnaast verschaft het extra informatie voor de kostenafwegingen van ziekenhuizen. 

Voor een onderzoek naar de functionaliteit en snelheid van morcellatoren in de klinische setting is het 

nodig om enige informatie te verzamelen gedurende laparoscopische hysterectomies en 

myomectomies. Aan de hand van het invulformulier op de volgende blz., gecombineerd met standaard 

klinische data, is het mogelijk om inzicht te krijgen in de bovengenoemde vraagstellingen. 

Graag zou ik uw steun in dit onderzoek willen vragen, en verzoeken om de benodigde informatie te 

verzamelen. Deze data zal, enkel met uw toestemming, gebruikt worden in combinatie met standaard 

klinische data om de functionaliteit van de gebruikte morcellator(en) en het morcellatie proces te 

kwantificeren. De geleverde tabel kunt u intra-operatief (laten) invullen. Alle informatie zal 

vertrouwelijk worden behandeld. Bij eventuele vragen kunt u mij mailen of bellen op onderstaand 

adres. Ik hoop van harte op uw medewerking. 

Met vriendelijke groeten, 

Ewout A. Arkenbout 

Master student Biomechatronica 

Technische Universiteit Delft 

EwoutArkenbout@gmail.com 

M: +31(0)649986195 

Prof. dr. Frank Willem Jansen, MD 

Gynaecoloog 

Leids Universitair Medisch Centrum 

F.W.Jansen@lumc.nl 

Mathijs D. Blikkendaal 

AIOSKO 

Leids Universitair Medisch Centrum 

M.D.Blikkendaal@lumc.nl 
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04-03-2011 

Tabel voor het verzamelen van 

morcellatie data. 

Patiëntgegevens (invullen of sticker) 

Naam: ...........................................................................  

Geboortedatum: ............................................................  

Patiëntnummer:  

Datum: 

Intraoperatief bepalen (indien er gemorcelleerd wordt) 

Type morcellator (merk & diameter) 

Gebruikte poort bij morcellatie � mediaan � lateraal

Level van ervaring met betreffende instrument � <10x � 10x-50x � >50x 

Starttijd morcellatie
1
 (afronden op hele min.) 

Stoptijd morcellatie
1
 (afronden op hele min.) 

Gemorcelleerde gewicht
2  g 

Aantal weefsel-strips
3

Totaal verwijderde gewicht   g 

1) Starten / stoppen op het moment van insertie / extractie van het instrument

2) Let op: dit is exclusief het vaginaal of abdominaal verwijderde weefsel. Dus enkel het gewicht meten dat via 

de morcellator is verwijderd. 

3) Enkel weefsel dat verwijdert wordt via de morcellator telt mee. Vaginaal verwijderd weefsel dus niet

meetellen. Alle weefsel stukjes tellen; ook als ze heel klein zijn! 

Complicaties, instrument storingen, opmerkingen, etc. kunnen hier genoteerd worden: 

Stuur een fotokopie naar EwoutArkenbout@gmail.com of dit ingevulde formulier naar: 

Ewout Arkenbout 

Klein Coolstraat 21b 

3033 XP Rotterdam 

+31(0)6 499 86 195 
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Appendix E

Electromotor specifications
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