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Preface

Quality control is a principle which has become a part of our way of living. One can
even say that it is present everywhere in the world around us. Quality control is a
process that every one of us does voluntarily and involuntarily. We carefully choose
our food, clothes and the environment that we live and work in. Even our bodies have
quality procedures and if they don’t like something there is always some kind of symp-
tom. Our cells check every macromolecule and protein they produce, thus ensuring
our wellbeing.

But what is quality control? It is a process selected to guarantee a certain level of qual-
ity in a product, service or process. It may include whatever actions a business consid-
ers as essential to provide for the control and verification of certain characteristics of its
activity. The basic objective of quality control is to ensure that the products, services,
or processes provided meet particular requirements and are secure, sufficient, and fis-
cally sound.

Essentially, quality control requires the examination of an entity for certain minimum
levels of quality. An essential aim of quality control is to recognize products or services
that do not meet a company’s specified standards of quality. If a problem concerning
quality control is detected, temporal interruption of production may be required. De-
pending on the particular service or product, as well as the type of problem identified,
production or implementation may not cease entirely.

Competition, technological progress, new customer requirements and other factors
have forced many companies to start applying total quality management. The aim
of this approach is the increase of the efficiency and competitiveness of each and ev-
ery product through a customer satisfaction quality criterion. By “quality”, not only
the technical characteristics of a product or service are meant, but also the capabil-
ity to meet customer requirements, a reasonably low cost, continuously maintained
high quality, etc. The quality of the product or service is a sum of two components:
technical characteristics and customer service. Particularly from a customer’s point
of view quality means: perfect customer service, high technical parameters, low price
and more. Meeting such high demands is achieved through application of technical
and scientific methods which ensure on one hand, quality, and on the other hand - low
production costs and optimal usage of resources, time, energy, etc.

The main goal in total quality control is to prevent mistakes, weaknesses or deviations,
especially in the initial planning of an activity applying to the functioning of a system,
organization, product or service. In this context, quality control can be defined as the
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sum of functional procedures, confirming the quality of a product or service, based
on particular specifications. An important component of quality control is the control
during the production of a device. It is essentially a comparison of a product to cer-
tain specifications, which has gradually evolved into a collection of methods and tech-
niques known as quality control. The classic approach to quality control is based on
this control during production (tests, measurements, etc.) of the device after its manu-
facture and removal of defects. Quality control recognizes defects in the planning and
construction of a product, whereby the defective units can be found out and repaired.

The development of production is an ever changing process to some extent and there
are variations in the manufacturing specifications. Because of these variations there
needs to be a probability model and statistical methods for product quality analysis. If
all major sources of variation are under control during the manufacturing process, i.e.
if there is good quality control, then no serious problems arise.

It can generally be said that there are three types of control: preliminary - focuses on
preventing inconsistencies; real-time control - monitors any operations taking place;
control through feedback - a corrective procedure aimed at improving either the process
of regulating the production resources, or the actual operations during production.

Quality control can deal with not just products, services and processes, but also people.
Employees are a crucial factor in any company. If a company has employees that don’t
have sufficient competence and techniques or training, have difficulty comprehending
directions, or are inexperienced, quality may dangerously decline. When quality con-
trol is regarded in terms of human beings, it relates to correctable issues.

A leading aspect of quality control is to determine well-defined controls. These con-
trols help standardize both production and responses to quality concerns. Confining
possibilities for error by specifying which production activities are to be completed by
which personnel decreases the chance that employees will undertake or be assigned
tasks for which they do not have adequate training.

Quality control can be achieved by the following common steps: establish what param-
eter is to be controlled; ascertain its importance and whether it needs to be controlled
before, during or after results are produced; determine a specification for the param-
eter to be controlled which provides limits of acceptability and units of measure; de-
velop strategies for control which specify the methods by which the characteristics will
be achieved and variation detected and removed; coordinate resources to accomplish
the strategies for quality control; install a sensor at an applicable point in the process to
detect variance from specification; gather and transmit data to a location for analysis;
verify the results and identify the cause of variance; suggest solutions and select the
procedures needed to restore the usual parameters; perform the agreed procedures
and confirm that the variance has been corrected.

The quality control can be divided into three major parts. One part consists of the
procedures to determine an optimum level of performance analysis by professionals.
The proper supervision over field work, assessment of internal control, and exercis-
ing commonly accepted auditing standards are also considered. The monitoring of a
company’s system of quality control by a peer reviewer incorporates examination of
the effectiveness and relevance of the company’s procedures, practices and conformity
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thereto, potential for professional development, and quality of the company’s practice
aids. Another part is the practices and methods used to affirm that some level of per-
formance has been attained. Controls in design and inspection are included. Variances
from established standards are discovered and corrected. The last part comprises pro-
cedures in manufacturing to deliver a chosen level of satisfaction of the service or prod-
uct that is being developed. A certain amount of experiments and evaluations may be
required to certify that a product, service or process meets the desired requirements.

Most manufacturers would always disregard the possibility of excluding the quality
control as a part of their production processes. Without quality control, the number of
defective products that must be modified, demolished or sent back would significantly
increase. Almost all service organizations observe closely the quality of the services
they deliver to maintain their reputations, guarantee the satisfaction of their custom-
ers. After all, nobody would keep a product that disintegrates the day after it is pur-
chased or choose a service that hasn’t provided some guarantees for its quality. For
instance, lowering the quality of any given procedure at any health center may lead to
a fatal end for a great number of patients.

New communication technologies provide new opportunities for quality control. Sys-
tems for electronic tracing of the source and whereabouts of a product are developed.
Certain categories of products including food, cosmetics and household appliances
cannot be sold without identification and tracking codes. Customers can obtain infor-
mation about each product by entering its code in a particular Internet address or by
phone. Such a system is currently implemented in China. This is an important step to
ensure product quality.

Quality control is an important component of management and related policy. The
purpose of this policy is to comply with the requirements of customers through the
stages of the manufacturing cycle of a product without wasting material, financial or
personal resources of the enterprise. Product quality is the result of careful planning,
impeccable execution and consistent control. The goal in planning the quality is in all
stages from the creation to the application of the product to address as accurately as
possible all quality related problems, issues and expenses.

In this context, quality control is establishing whether a product satisfies the quality
requirements. In the case given, the parameters affecting the quality of the finished
product are being tested.

Quality control is the basis for regulating the quality and the quality assurance. Regu-
lation of quality includes the activities to prevent errors, control and adjustment of
processes in the production order, so that the quality requirements can be met. Typical
for the regulation of the quality is that it lies in the planning stage and uses the test
results of the quality control. The quality assurance activities include establishing a
trust for the fulfillment of quality requirements through the systematic presentation
of the ongoing events in an enterprise quality management in various stages of the
manufacturing process.

The system of quality management must have a leading role with respect to all other
systems. It plays an important role for the quality control department. This depart-
ment is independent from other departments. Its task is to assist and coordinate the

Xl
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activity of quality management. It conducts the inspection of the processes, the qual-
ity improvements and improves the quality-related costs. This is done through peri-
odic sampling, checking product quality, writing reports for the plant management
and proposals for improving production quality. During certain periods, it inspects
the activities of the quality system and establishes whether the system complies with
the requirements. This department does not assume full responsibility for production
quality. It must ensure the optimal functioning of the quality system by direct assign-
ment of management.

As mentioned at the beginning, quality control is a very broad topic, which is present
in areas very distant from each other. In this book some of the quality control aspects
in the public health care, biology, mining, processing and manufacturing industry, the
development of sensors for quality control and some of the computer and mathemati-
cal approaches are reviewed. The chapters in the book are divided into three sections:
Quality control in Public health and Biology, Computer and Mathematical approaches
for Quality control and Quality control in the Industry.

In public health, the quality of the procedures performed is of highest importance.
There are different errors than can be made, human error being the more common.
But human errors can be avoided with proper training and strict quality control. The
quality of the lab results can be of a crucial significance for the wellbeing of the patient.
With the proper procedures, the accuracy of the laboratory equipment can be brought
to high levels, but if the samples are not properly acquired the apparatuses will give
false results that can be fatal to the patient. So, the pre-analytical quality control is of
great importance. In section Quality control in Public health and Biology, the topics
that are referred to below are introduced.

In the book, the necessity to choose the reliable indicators of the quality of new tech-
niques for colonoscopy procedures is examined. The goal is to choose a limited num-
ber of quality criteria that now appear unavoidable and must be systematically evalu-
ated (indication of the colonoscopy withdrawal times, patient consent, comorbidities,
quality of preparation, cecal intubation, rate of adenoma by colonoscopy, immediate
complications).

The physical aspects of quality control in brachytherapy are discussed, and how essen-
tial it is that the medical physicists possess the knowledge and skills necessary to make
the sometimes delicate decisions concerning this type of approach.

Presented are the challenges brought by the application of quality control methods
to surgical procedures in cardiac surgery, general surgery and orthopaedic surgery
and interventional procedures such as endoscopy, anaesthesiology, and reproductive
medicine.

Safety considerations for the patient related to endoscopy are also introduced. They
include the mandatory use of a protocol for all parts of endoscopy procedures, control
in the endoscope maintenance and the importance of auditing in the endoscopy unit.

Reviewed are a number of problems related to Dual energy X-ray absorptiometry ap-
plications resulting from body composition terminology and data acquisition validity.
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Dual energy X-ray absorptiometry is principally designed to provide information for the
accurate diagnosis of osteoporosis, but also determines the whole body composition.

Described are two strategies in two stages that are used to develop urodynamic
standards for quality control. Those strategies involve the establishment of a tool for
quantitative plausibility check and quality control, and another tool for qualitative
plausibility check and quality control. The two stages include quality control during
urodynamic investigation and that of retrospective analysis.

Guidelines for developing automated quality control procedures for brain magnetic
resonance images acquired in multi-center clinical trials are provided. The emphasis is
placed on demonstrating the need for appropriate quality control procedures, defining
quality, determining the objectives, developing a framework to facilitate the creation
of quality control procedures for magnetic resonance images, and methods to design,
develop, test, and validate quality control procedures.

Studied are the physiological and pathological roles of an endoplasmic reticulum mo-
lecular chaperone and folding enzyme, binding immunoglobulin protein, based upon
several in vivo studies in mammals, which may reveal diverse functions of endoplas-
mic reticulum quality control in vivo.

Analyzed is the significance of quality assurance in the pre-analytical phase, which
includes all processes from the physician’s request for laboratory test to the moment
the sample is ready for testing, since any errors that occur at this stage often become
apparent later in the analytical and post-analytical phases.

Alexandria University clinical laboratories share their experience with the critical fac-
tors, involving the imprecision, inaccuracy, and instability of a measurement proce-
dure, as well as the error detection and false rejection characteristics of a statistical
quality control procedure that affect the quality of laboratory test results.

Explained is the demand for external quality assessments as the only way to homog-
enize the level of performance of the molecular diagnosis of congenital toxoplasmosis
among laboratories in France.

Presented is a summary of two processes that can improve the quality and safety of the
pediatric and neonatal intensive care units: the detection of nosocomial infections and
early use of end respiratory pressure support and noninvasive ventilation in newborn
infants of very low birth weight.

Represented is an overview of the requirements in quality control and quality manage-
ment in certified clinical laboratories as well as a description of the different stages in
clinical testing procedures and a highlight on the critical steps that need to be moni-
tored via quality assurance indicator tools.

Conducted is a study to design suitable M13-tagged primers to amplify the coding ex-
ons of any human gene following standard buffer and cycling conditions and adopting
the Applied Biosystems software package, Variant Reporter®, to enable high through-
put quality-controlled sequence analysis.

XV
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In order to increase the quality control, some computer and mathematical approaches
should be applied. They are cost-effective and easily maintained once properly imple-
mented. These approaches greatly lower the probability of human error and increase
the precision of the tests. In section Computer and Mathematical approaches for qual-
ity control, the topics that are referred to below are introduced.

A mathematical model is required for unbiased quality control. In practice, in the ab-
sence of databases (which happens during design and development of new products),
it is convenient for mathematically imprecise quality control to refer to probability as-
signment functions, the basis of which is some or another differential law of distri-
bution, and in the first place — the Gaussian function. Such reference enables to note
that probability assignment functions synergistically integrate the approach based on
probability theory and mathematically imprecise approach to quality control.

The properties of nonlinear differential equations for image processing purposes are
studied, and more precisely - contrast enhancement, noise filtering or image segmenta-
tion, which constitute the most common pre-processing tasks performed to enhance
pattern recognition and classification applications.

Nowadays the laboratory results of the clinical laboratories are determined by auto-
matic analyzers. In terms of quality control, it is obvious that checking the reliability
of each laboratory result is unavoidable. Quality control can be performed only for the
equipment and the analytical methods. The only way to do this is to check the reliabil-
ity of certain samples which are running on the analyzers with the analytical methods
of the laboratory. The whole procedure is called “statistical quality control”.

Water quality control from the perspective of water supply system users’ safety con-
tributed to create drinking water production and quality control procedures. The sys-
tem of hazard analysis concern critical control points and its main principles have been
described.

An approach which combines a statistical process control system with potential failure
mode and effect analysis repository can help determine the operators” decision-making
process when a quality problem has been detected. The prototype named “intelligent
quality control system” has been developed, and its application shows that the effi-
ciency of quality control can be improved. This system provides an effective way for
manufacturing process continuing improvement.

A complete picture of model-driven adaptive quality control in service-oriented ar-
chitectures is provided, starting with the concept of quality of service and quality of
experience management. The primary goal of this research is quality of service and
quality of experience control in complex software systems under changing business
processes execution requirements.

New predictive-maintenance methodology that is optimal for developing a quality-
control analysis of attributes is researched. Results show that Visual Basic for Ap-
plications (VBA) for marine engineering applications is the most adequate language
that can reduce the programming time and is compatible within the available limited
resources.
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Ilustrated is a VBA-based ship technical information management system that has
been developed for application during the ship’s working periods, and tested in real
ship conditions by experienced marine engineers. Results reveal real improvement in
corrective maintenance like failure detection and location of replacement parts in the
storage room.

Methodologies to perform quality assessments of seafloor relief mapping with mul-
tibeam echo sounder are explained. The final product in seafloor mapping is often a
digital elevation model. From this model, different cartographic products can be de-
rived, such as contour line maps, perspective views, shaded relief maps or maps with
coloured depth intervals. Since the construction of a digital elevation model can be
based on different interpolation methods, an assessment of common methods is also
presented.

In industry, the quality of a product is as important to the customer as it is to the
manufacturer. Increasing the quality of the manufacturing process increases the qual-
ity of the product and lowers the waste, thus lowering the price. The control should
be exerted on all stages of the production process: acquiring the raw materials, their
processing and the manufacturing of the finished product. In section Quality control
in the Industry, the topics that are referred to below are introduced.

The growing use of biofuels has triggered an increasing demand for analytical methods
that allow the monitoring of their quality. The electrochemical analytical methods (po-
tentiometric, conductometric, coloumetric, voltammetric and amperometric) generally
have a high detectability, high portability and a comparatively lower cost compared
to other methods, and that is why they are presented in this book. There is also an in-
creasing need to find the right system to appropriately distribute the power generated
from all renewable energy sources. What are the components of one such particular
micro-grid power system and what are its main advantages is also described.

Addressed is the implementation of quality control in manufacturing companies and
how the application of quality control helps the companies to ensure high quality and
reliable products according to the needs of the customer. The need to increase the qual-
ity of their products forces manufacturers to increase the level of control on finished
and semi-finished parts, both qualitatively and quantitatively. The adoption of optical
systems based on digital image processing can be a cheap but versatile way to conduct
quality control by on-contact inspection of injection-molded parts.

Introduced are the applications of near-infrared spectroscopy to monitoring the poly-
mers’ polymerization, processing, curing and production of polymer prepregs. For
each application, the principle, the operation method and the results are described in
detail.

Field-matter interactions are very attractive for practical applications in contactless
and rapid analysis. Two types of effects, induced by irradiation with electromagnetic
waves, are considered: acoustoelectric effect and surface photo-charge effect, together
with the possibilities for their application in a large area of quality control activities.
Experimental approaches and set-ups for detecting the studied effects are described as
well as the main experimental results, highlighting the advantages and disadvantages
of the quality control methods based on them.

XVII
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The best quality control practices are compared with some current practices observed
on international exploration and mining projects, and their direct implications on re-
source estimation and classification are discussed. Modern mining projects use hun-
dreds of thousands of samples for obtaining quantitative characteristics of the geologi-
cal attributes. Sampling errors can appear at any stage - planning sampling program,
samples extraction, preparation and their eventual analytical assaying. A special qual-
ity control technique commonly used in exploration and mining geology for verifica-
tion of mineralization grades, and its basic principles are demonstrated.

The design and implementation of a smart calibration system based on a manifold
absolute pressure sensor as an example for automotive application is demonstrated,
although the proposed approach can be extended to other types of sensors. A concept
for a novel, closed-loop calibration system, which enables analysis of sensor properties
and optimization of the calibration procedure, is presented.

There is a demonstration of hyperspectral imaging spectroscopy which integrates
conventional imaging and moderate resolution spectroscopy, and of the feasibility of
spectral imaging for the high speed, in-line inspection and enhanced quality control
essential in commercial and industrial applications; it is accompanied by a discussion
on the difficulties that may arise from real scenarios such as deviation in the illumina-
tion spectrum or instabilities in the background radiation.

An optical setup for automatic quality control of microlens arrays is shown together
with the results of its computer simulations and experimental creation, and the setup’s
main assets and drawbacks are summarized.

The rich palette of topics set out in this book provides a sufficiently broad overview of
the developments in the field of quality control. I hope this issue will be beneficial to all
professionals with an interest in this field, regardless of their specific expertise. By pro-
viding detailed information on various aspects of quality control, this book can serve
as a basis for starting interdisciplinary cooperation, which has increasingly become an
integral part of scientific and applied research.

Ognyan Ivanov

Georgi Nadjakov Institute of Solid State Physics (ISSP)
Bulgarian Academy of Sciences

Sofia, Bulgaria
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Quality Indicators for Colonoscopy Procedures

Romain Coriat!2, MD, MSc, Elise Pommaret!2, MD, Sarah Leblanc!2, MD,
and Stanislas Chaussadel2, MD, PhD

IService de Gastroentérologie, Hopital Cochin, GHU Ouest, Paris,

2Université Paris Descartes, Paris,

France

1. Introduction

Colonoscopy remains the gold standard for morphologic colon. Despite the development of
new methods of morphologic bowel, colonoscopy is still considered the « gold standard »
because of its ability at detecting small neoplasic lesions as well as adenomas. Unlike other
methods, colonoscopy has the great advantage of carrying out the same time the removal of
polyps.

Colonoscopy also has a number of limitations. Studies have confirmed that the colonoscopy
examination was an improvement over the performance review that fluctuates depending
on the quality of it. Thus Pickardt et al showed that colonoscopy could miss up to 10% of
polyps greater than 10mm (1). Also, it should be noted that interval cancers after
colonoscopy is not uncommon (2). These results underpin the idea that colonoscopy is an
examination of improvement and it is necessary to define quality criteria.

The most famous of all is the detection rate of adenoma. This simple criterion was used to
compare the performance of endoscopists (3). To reduce variation between endoscopists and
to generalize the practice of colonoscopy quality, we must have reliable and easily
measurable criteria for assessing the quality of examinations. These criteria should ensure
that consideration is medically justified. It is carried out by using standard validated, that
lesions are diagnosed correctly and appropriate treatments are made. All of it should be
done with minimal risk to patients. Moreover, these criteria must evaluate the entire
examination and not just the technical act. Those criteria must also take into account: the
information provided to the patient, risk assessment, and conditions of the act.

Indications for colonoscopy and appropriate intervals have been established by the taskforce
in 2006 between the American College of Gastroenterology and the American Society of
Digestive Endoscopy (4).

2. Quality criteria before colonoscopy
Indication

Indications for colonoscopy vary by country, particularly in terms of policies in place for
colorectal cancer mass screening. In France, in contrast to the USA, screening colonoscopy is
not recommended for mass screening, that is to say persons without familial or individual
risk factors. But it is recommended for persons in high or very high risk of colorectal cancer.
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Colonoscopy surveillance is warranted consideration by the patient's personal history, such
as a history of polypectomy for adenoma, or a history of colorectal cancer. In France,
diagnosis colonoscopy is justified when there are digestive symptoms or if the screening test
(Hemoccult ® test) is positive.

Indications list for colonoscopy must be validated by an expert committee and must be
clearly indicated in the report of examination. An audit carried out in France in 2006-2007
has shown that the colonoscopy indication was consistent with the recommendations of the
ANAES in 94% of cases (5).

Risk factors for complications

Colonoscopy is an examination potentially at risk. This risk must be assessed by
endoscopist. Quality criteria should take into account the ground, comorbidity, current
treatments include anticoagulant and antiplatelet agents.

Informed consent, including information on risks of the examination must be obtained in all
cases. The gastroenterologist, possibly with the assistance of the anesthesiologist must
identify possible risk factors related to land and salaries made by the patient, including
anticoagulants or antiplatelet agents that need to be managed with the help of cardiologists.
(6, 7). It is the same for antibiotic prophylaxis. American Society of Anesthesiologists (ASA)
score risk assessment anesthetic could be a simple criterion of evaluation of gesture. ASA
score or 'Physical status score" was developed in 1941 by American Society of
Anesthesiologists. This score assesses both risk of anesthesia and predict mortality and
perioperative morbidity. Ideally this score should be briefed on the report of colonoscopy, as
well as taking antiplatelet or anticoagulant treatment, and implementation of prophylactic
antibiotics.

Block and the staff of endoscopy

There were many recommendations on traceability of the material over the past 10 years.
This aspect is now under control and regular monthly monitoring. To justify the validity of
washing, the date and time of washing equipment must be indicated on the record.
Similarly, any use of disposables or not must be indicated on the record with reference
material used.

3. Quality criteria related to the procedure

The quality of bowel preparation

The quality of the preparation has been a recent development (8). If the quality of
preparation for colonoscopy is arguably dependent patients, it does not mean totally
independent gastroenterologist. It is the responsibility of preparing gastroenterologist
adjusted according to the patient to be considered good bowel preparation in review.
(Picture 1a,b,c) The gastroenterologist must explain why the patient issues of preparation is
mandated and how to get a good preparation of the colon. The impact of colon cleanliness
assessment on endoscopists’ recommendations for follow-up colonoscopy has been
evaluated by Ben-Horin et al (9). They showed that clinical évaluations of the colon
cleanliness vary considerably among endoscopists. Also, poor preparation exhibited at risk
of missing lesions (10), to extend the duration of the examination and have an incomplete
review. This might explain in part the observed differences in performance between
endoscopists. The type of bowel preparation used, and any difficulties encountered by the



Quality Indicators for Colonoscopy Procedures 5

patient to prepare (nausea, vomiting, failure to take prescribed amount in full) should be
included in the record review. It would take them into account when the next review, and
avoid the failures of preparation at the 2nd colonoscopy (11).

The difficulty is that there is no standardized system for evaluating the quality of
preparation, to define what an inadequate preparation, and at what point should repeat the
test. It was shown that while 23.4% were deemed unprepared colons by endoscopy,
colonoscopy was considered to redo that 6% of cases (11). In other cases insufficient
preparation of the colon, are known to gastroenterologists tend to shorten the interval
between examinations (9), without, however, this attitude has not been validated (12).
Another difficulty is the subjective nature of interpretation. While it is well established that
the same preparation can be evaluated differently by endoscopists (9), it is interesting to
note that endoscopists with the best performance are generally the most demanding quality
the bowel preparation (13).

The rate of complete colonoscopy

A colonoscopy is called complete when the endoscope has reached the cecum. We can be
certain of having reached the lowest depths when cecal ileocecal valve and appendiceal
orifice was clearly visualized. In case of doubt, the valve must be crossed. Reaching the
bottom caecum should be stipulated in the record review.

The average rate of complete colonoscopy must be calculated annually by the
gastroenterologist and / or the endoscopy unit to which he belongs. According to U.S.
guidelines, the rate of complete colonoscopy should be above 90%, and 95% for colonoscopy
screening (4). The reasons for the failure of cecal intubation should be included in the report.
It may be the poor quality of bowel preparation, technical difficulties related to the anatomy
of the colon, the existence of a marked diverticulosis, sedation insufficient, or because of
stenosis.

The detection rate of adenomas

This is the best criterion for quality of colonoscopy, because it is the purpose of this
examination to diagnose and to resect colorectal neoplasic lesions. According to U.S.
guidelines, the detection rate of adenomas should be greater than or equal to 25% in men
and 15% of women submitting to a first screening colonoscopy after 50 years (4).

Recently, the detection rate of adenoma has been recognized as the main criterion of quality
of colonoscopy. Similarly, the authors acknowledge that this criterion of quality allowed to
decrease the risk of interval cancer (14).

The detection rate of adenomas is an indicator still difficult to be applied by all
gastroenterologists or all endoscopy centers, for histological data are not available at the
time of writing minutes of colonoscopy. Circumvent this difficulty involves the availability
of suitable software to return to reporting and enrich it with pathological results. A
standardization of this test is possible with a possible justification for the quality of the
endoscopist by this single criterion like the "pay-forperformance" in force in the U.S. (15).

The time of withdrawal of the endoscope

It is the study of Barclay et al. (16) which attracted particular attention on the relationship
between detection rate of adenomas and time of withdrawal of the endoscope. The authors
reported detection rates of adenomas among endoscopists significantly different according to
whether they had a withdrawal time greater or less than 6 minutes. The withdrawal time was
used as a quality criteria and is now consider as a criteria in colonoscopies without injury.
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This study confirmed the work from the Mayo Clinic showed that 50% of polyps were
diagnosed an average withdrawal time of 6.7 minutes, and 90% of polyps to a withdrawal
time of 12 minutes (17). A recent observational study conducted among 315
gastroenterologists practicing in 17 U.S. states has confirmed the results of Simmons et al.
study, showing that those with an average withdrawal time equal to 6 min detected 1.8
times more polyps than other (18).

A different question is whether the application of rule 6 min. is likely to improve the
performance of endoscopists. A work of Barclay et al. (19) has responded positively to this
question. He was asked to 12 endoscopists to have a withdrawal time of at least 8 minutes,
that is to say, look for at least 2 minutes each of four segments: right colon, transverse, left,
and rectosigmoid. The performance obtained after introduction of the recommendations
were compared to those recorded during a previous period. In this study it was observed
significant increase in performance of endoscopists in terms of rate of colonoscopy with
adenomas, number of adenomas or advanced adenomas by colonoscopy (19). Conversely, a
study group in Boston has shown that the establishment of an institutional policy requiring
a withdrawal time equal to 7 minutes did not alter the performance of a group of 42
endoscopists performing more than 23,000 colonoscopies (20). Another study of 43
gastroenterologists in two cities in Minnesota concluded the same way the lack of
improvement in performance over time despite awareness programs (21).

Moreover, the interpretation of an average time is difficult when performing colonoscopy. It
is therefore useful to estimate its average withdrawal time as recommended by the
American College of Gastroenterology (4) but do not consider the withdrawal time of less
than 6 minutes in a patient as a cry of poor quality examination. The threshold is an average
of 6 minutes, and not a criterion required for each examination. If the withdrawal time is not
longer a guarantee of performance, it is nevertheless witnessed a conscientious and
thorough examination, and is likely to improve its performance. In total, if a withdrawal
time of less than 6 minutes should not be considered at the individual level as a criterion of
poor quality, a time longer than 6 minutes may be a factor in favor of a careful examination
and quality. For this, the withdrawal time of colonoscopy and the total time of the review
should be indicated on the record.

The Record Review

It must contain certain information relating to prior colonoscopy criteria (indication,
sedation, quality of preparation, ASA score, total time of examination, removal time and
comorbidities), information relating to the review (cecal intubation , number of polyps sized
location, treatment biopsies), but also information on the after colonoscopy (what to do,
operative risk). Lesions should be described precisely (number, location, shape, size).

Complications

Serious complications of colonoscopy such as perforation, or those of endoscopy in general,
should be regularly recorded by endoscopy center, and be discussed. Immediate
complications are easily identified in the report of the review.

The latest series of the literature showed that the rate of perforation secondary to
colonoscopy is currently the order of 1 case of perforation from 1000 to 1400 examinations
(22). Lower rates (1 per 4900 examinations) have been reported recently in Germany in a
series of 269,000 colonoscopies (23). Three quarters of the perforations are diagnosed
immediately or early (<24 hours) (22). Achieving a gesture of polypectomy increases the risk
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of perforation by a factor more than the polyp is located on the right colon and the size of
the polyp is greater than 1 cm (22, 24). In cases of perforation during endoscopy, endoscopic
treatment should be considered with endoscopic clipping (25, 26).

The quality of postmarketing surveillance review

Recommendations for future monitoring of the colon usually are not included in the
minutes of the colonoscopy, because of lack of histological findings at its completion. When
the patient is discharged, an appointment with the doctor should always be given if biopsies
were performed in order to communicate the results to the patient. Following this
consultation, a report must be sent to the doctor recalled the reason for the colonoscopy, the
findings of the examination and histological results. This letter must be concluded with
recommendations concerning monitoring (the next review date) and the necessary
treatment.

Items dependent on the colonoscopy procedure
(included systematically in colonoscopy or pathology reports)
Quality of the colonic preparation
Completeness of the procedure
Number of adenomas or adenocarcinoma found per procedure
Colonoscopy difficulty
Sedation
Items independent of the colonoscopy procedure
(noted prospectively on colonoscopy checklists)
Patient characteristics (specific information about colonoscopy risk
determined by the gastroenterologist)
Information consent about Creutzfeldt-Jakob disease
Comorbid condition (valvulopathy)
Treatment with drugs with a bleeding risk:
Antiplatelets
Aspirin
Vitamin K antagonist
Appropriateness of the colonoscopy procedure (6 items)
Digestive haemorrhage
Functional bowel disorder
Screening colonoscopy
Digestive symptoms refractory to symptomatic treatment
Personal history of colon cancer or adenoma or inflammatory
bowel disease
Familial history of adenoma or colon cancer
Quality criteria to analyse post colonoscopy
Adenoma detection rate
Time Withdrawal (Mean upper than 6 minutes)
Early complications rate
Late complications rate
Good preparation rate
Cecal intubation rate

Table 1. Quality criteria for colonoscopy
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Fig. 1. Photographs depict representative luminal views of colon cleanliness of the large
bowel. The cleanliness was not sufficient (a), intermediate (b), and good (c)
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4. Conclusion

Colonoscopy is still the gold standard exploration for the colon. But at the présent time were
new explorations techniques of the colon are developed, it seems important to justify the
quality of the review criteria with simple reliable repeatable and standardized. To do this,
you have to use reliable indicators that must be systematically integrated into the reporting
review. The goal is to choose within the center in a limited number of quality criteria
relevant to the population management. Certain criteria now appear unavoidable and must
be systematically evaluated (indication of the colonoscopy withdrawal times, patient
consent, comorbidities, quality of preparation, cecal intubation, rate of adenoma by
colonoscopy, immediate complication).
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1. Introduction

Brachytherapy refers to the delivery of radiation directly into or onto the surface of the area
to be treated. Radiation sources can be used in body cavities (e.g., the uterus, vagina,
bronchus, esophagus, and rectum), can be placed on the surface of tumors in the skin or
may be placed directly into a tissue by interstitial techniques such as those used in the head
and neck region, prostate, and breast.

One of the main objectives of brachytherapy is to ensure an accurate and safe dose delivery
to a target volume while avoiding unnecessary delivery to surrounding healthy tissue. [1]

In order to ensure the optimal treatment of patients, much effort is required during the
commissioning phase of new brachytherapy equipment and during its clinical lifetime.
The institution must therefore develop a suitable Quality Control (QC) program not only
for brachytherapy sources and equipment but also for the physical and clinical
procedures.

In 2000, the IAEA published its Report No. 17 entitled “Lessons learned from accidental
exposures in radiotherapy”. [2] Although brachytherapy is applied only in about 5% of all
radiotherapy cases, 32 of the 92 accidents reported in this booklet were related to the use of
brachytherapy sources. Errors in the specification of source activity, dose calculation or the
quantities and units involved resulted in doses that were up to twice the prescribed dose.
Some of the accidents were clearly related to human error. The same document
demonstrates the need for well-designed QC programs for brachytherapy. For the
conception of such programs, one must consider the consistency in the management of each
individual treatment, the realization of the clinical prescription, and the control of safe
execution of the treatment with regard to the patient and to others who may be involved
with, or exposed to, the sources during treatment. [3, 4]

As a result of several accidents recently reported involving the use of advanced technology
in radiation oncology, QC programs involving independent quality audits are also seen as a
preventive action. [5,6,7,8]

The consequences of errors that are bound to occur in a radiation oncology clinical
environment may be caused by the radiation oncologist, physicist, dosimetrist or radiation
therapist. Of these errors, the most grievous to the patient are the systematic errors made by
the physicists without his or her perception.
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Therefore, the type of mistakes made by each staff member is different, as is the magnitude

of the impact to the patient, as specified below:

e if a physician makes a mistake, it usually affects one patient;

e if a dosimetrist makes a mistake, it affects one patient or one tumor location;

¢ if a technologist makes a mistake, it normally affects one fraction of the treatment;

e if a physicist makes a mistake, it may affect all patients in the clinic during a given
period of time.

A sound QC program must be in place to reveal and prevent these mistakes and may

include as an important component independent Quality Audits.

2. The brachytherapy technology

During the past 15 years, high dose rate 192Ir sources have become available as an efficient
substitute for 137Cs sources. Several advantages have drawn attention to this new technique,
among which are the possibility to treat several new clinical sites due to the small dimension
of the source, the viability of out-patients treatment, the lesser number of treatment sessions
required, the complete remote-controlled source management, which increases the staff
safety, and a computerized treatment planning system that offers the 3D-volume dose
calculation.

Fig. 1. Typical configuration of commercially available HDR treatment unit

Since there are several types of HDR sources available in the market, Table 1 presents some
of the main physical characteristics that are useful for entry-independent calculation
analytical and numerical calculation methods.
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. . Di ¢
Active Active Total istance from

Model: length diameter diameter active edge to tip of ~ Encapsulation
the source
MicroSelectron 3.6 0.65 0.9 0.2 Stainless steel
Nucletron
(new design)

VariSource 10 0.35 0.61 1 Ni-Ti
Varian 5 0.34 0.59 1 Ni-Ti
Buchler 1.3 1 1.6 1 Stainless steel

Gamma Med 3.5 0.6 1.1 0.86 Stainless steel
12i
Gamma Med 3.5 0.6 0.9 0.62 Stainless steel
Plus
BEBIG 3.5 0.6 1.0 0.9 Stainless steel

Table 1. Specific characteristics of the 192Ir high dose rate sources. Dimensions are in mm.
Adapted from [3]

3. Main treatment sites

High dose rate machines may have clinical indications in the treatment of a variety of
different organs either as a primary treatment or as a complementary therapy. As a result,
there are a large number of applicators and accessories designed specifically to fit the
geometrical needs of each treatment site.

Among the numerous applications [1] for HD brachytherapy, the three main areas are:
Prostate: Two techniques are in use: 1. Temporary implants using a stepping 192Ir HDR
source to deliver large single-dose fractions has gained acceptance with current
radiobiological models that predict a low [alpha]/[beta] ratio for prostate cancer, and 2.
Permanent implantation, mainly with small radioactive seeds of 12°I source with a half-life
of 59 days is a second option. In some centers, the 12!Pd is also used. The latter is not in the
scope of this chapter.

Breast: Two techniques for partial breast implant irradiation are in use: 1. multicatheter
brachytherapy is used as a conventional brachytherapy to cover the tumor bed with a 2- or
3-plane interstitial implant, and 2. the single-catheter technique that uses a new applicator
marketed as the Mammosite is essentially a single-line flexible HDR afterloading catheter
with an inflatable balloon at the end. The latter is not in the scope of this chapter.
Gynecological: This is focused mainly on cancer of the endometrium and cervix using
specific types of applicators, for instance a ring system that allows multiple source positions
including in the upper vagina.
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Fig. 2. Typical set of applicators, accessories, catheters and sleeves used for HDR treatments

Fig. 3. Typical examples of a gynecological intracavitary treatment and a 3D-dose
distribution around it

4. The scope of the quality control process

The emphasis in this chapter is to cover the physics aspects of a quality control program for
HDR brachytherapy and to promote awareness of the tolerances and frequencies of the basic
tests required. Those tests are based on the likelihood of a malfunction and the seriousness
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or potential consequences of an unnoticed malfunction that would affect the patients and/or
to the personnel involved in the clinical procedure if a malfunction occurs and is not
identified during normal treatment applications. The purpose of the QC program is to
guarantee that all operational procedures are being performed properly and in accordance
with the licensing specifications.

The QC must consider the compliance aspects of planning through a comprehensive
management plan, documentation of the actual operations, and the monitoring and
reporting requirements. [8]

Tolerances and action levels

Performance within the tolerance level provides an acceptable degree of accuracy in any
situation. If performance is outside the action level, it may demand an action to fix the
situation.
A quality control test should use appropriate measuring equipment, which must itself have
been subjected to maintenance and quality control. Irradiation conditions and measuring
procedures should be designed to be suitable to each task, and they are expected to give the
best estimate of the particular measured parameter. Because each measurement has an
associated uncertainty that depends on several factors, the tolerances established must take
that into account.

Action levels are related to tolerances but it may afford sufficient flexibility to monitoring

and adjustment; for example, if a measurement indicates a result between the tolerance and

action levels, it may be acceptable to allow clinical use to continue until this is confirmed by
measurement the next day before taking any further action.

As a normal procedure, the action levels must be activated depending on each particular

situation, such as;

¢ if a daily measurement is within tolerance, no action is required;

e if the measurement falls between tolerance and action levels, this may be considered
acceptable until the next daily measurement;

e if the measurement exceeds the tolerance level, immediate action is necessary and the
machine may not be used clinically until the problem is corrected and verified by
measurement;

e if repeated measurements remain consistently between tolerance and action levels,
adjustment is required;

e any measurement that is outside the action level requires immediate investigation and,
if confirmed, rectification.

As in general, action levels are set at about twice the tolerance level, while some critical

parameters may require tolerance and action levels to be set much closer to each other or

even at the same value.

Test frequencies must be considered in the context of the acceptable variation during a

treatment course and also the period of time over which a parameter varies or deteriorates.

Frequencies may be modified in the light of experience of the performance and stability of a

given piece of equipment, initially setting a nominal frequency that may be subsequently

reviewed in the light of observation. As machines get older, this may need further review.

The staff resources available to undertake the tests may limit what can be checked, which

may have an effect on the structure of the quality control program. Tests should be designed

to provide the required information as rapidly as possible with minimal time and
equipment.
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Whenever available, quality control protocols developed by national organizations should
be applied. The following sections provide some examples of parameters, test frequencies,
and tolerances currently used for different items of radiotherapy equipment.

For consistency, the values listed are based on the AAPM TG 40 [9 ] and ESTRO [3 ], and in
some cases, on recently published additional reports on quality control in radiotherapy [10].
In any case, those protocols should be referred to for more details and adapted for local
circumstances.

5. General concepts

It is essential that the performance of treatment equipment remain consistent within

accepted tolerances throughout the clinical life of the equipment, as patient treatments will

be planned and delivered on the basis of the performance measurements made during the

equipment acceptance and commissioning tests.

An ongoing quality control program shall include regular checks beginning as soon as the

equipment is commissioned. This program should be able to identify departures from

expected performance and to activate corrective actions, and it shall consider the following

points:

e the parameters to be tested and the tests to be performed;

e the specific equipment to be used to perform the tests;

e the geometry of the tests;

o the frequency of the tests;

e the staff group or individual performing the tests, as well as the

¢ individual supervising and responsible for the standards of the tests and for actions that
he or she may deem necessary if problems are identified;

e the expected results;

e the tolerance and action levels;

e the actions required when the tolerance levels are exceeded

6. The quality control program

The organization of a program requires as a foundation that the institution is willing to be
prepared for organizational rearrangements if needed in order to lay down very clearly the
duties and responsibilities of each staff member.

The institutional organization

It is important to clearly describe not only the general aspects of the institutional position in
the organization chart, but also the interaction with similar departments, the legal aspects
and services provided, and the formal delegation of individual tasks to the staff. It is also
crucial to detail the information flow, scheduling, list of staff members involved in the
treatment, information given to the patient, and the radiation protection equipment and
procedures in the treatment area.

A set of recommendations is proposed to be an integral part the patient file in order to
promote appropriate treatment, to help the reviewing process. [3].

Patient ID, all documents, films, prints, plots provided with treatment, source strength
matched with its decayed value, identification of the customizing file and source library,
correct use of magnification factors and source-film distances, the position of sources or
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applicators on the plots with radiographs compared with treatment (volume) prescription,
correct use of units for all quantities, correct use of shielding or other correction factors,
correct use of treatment parameters, such as step size, catheter length, begin- and end points
along the catheters, consistent use of prescription criterion and optimization routines,
according to the physician’s intent and the possibilities of the implant geometry, statement
about the dose uniformity and the dose differentials, dose and dose per fraction clearly
stated according to prescription, dose to normal structures, high dose areas, constraints
clearly fulfilled, identification of position of reference points, patient points, applicator
points on the plots, match with those measured on the film, step size, catheter length, dwell
times on treatment unit according to plan and for subsequent treatments program card,
stored standards, or equivalent settings matching the first treatment.

Clinical procedures

It is of fundamental importance to clearly specify the control points (as described in Table 2)
related to each of the procedures currently in use, including the procedures for CT and MRI
imaging acquisition protocols, imaging reconstruction techniques, data transfer to the
treatment planning system (TPS), dose validation methods involving the patient simulation
and treatment, the frequency of each test, training, chart rounds, peer review, and incident
reports.

Item Material and Methods Frequency
Test of outcome of HDR  Apply the methods developed at the each patient
calculation institution for specific clinical cases
Treatment protocols All types of applications should be each patient
described in detail
Standard forms To be developed for each application each patient
Independent check Ensure that a second person checks the each patient

work of the first planner

Table 2. Simple guidelines to be considered as part of the design of the treatment
operational flux for each patient. Adapted from [3]

Physical procedures

The control points defined for the QC program shall also include the physical data either
taken from tables, publications, guidelines, measurements involving the machine acceptance
and commissioning, source calibration, patient data (protocols for imaging acquisition and
data entry to the treatment planning system), dose calculation for the patient, dose
validations or patient chart checks.

The early detection of errors in the operational process following the steps proposed in
Table 3 is very important in order to allow the elimination of errors and to promote the
necessary modification of the routine procedures.
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Item Material and Methods
Patient identification All documents, films, prints, plots provided for a
treatment
Dose prescription Delivered dose vs. prescribed dose, evaluation of

uniformity of the dose, location of prescribed dose, dose
distribution/ differentials in dose, begin and end
positions correctly along the catheter

Dose to normal structures Identification of the location of high-dose areas, location
of normal structures and constraints to be fulfilled

Program identification Identify the algorithms used, version number, shielding
and correction factors

Program verification Identify the source strength, step size and tip length

Transfer of data Identify the correct position of each dwell position,
dwell time, total time and correct channels

Table 3. The main sources of detectable errors and preventive actions recommended in
orderto avoid unnecessary sources of errors. Adapted from [3]

Safety aspects

Protection of the patient and the staff is the most important objective to be considered in the
proper treatment to the patient. One shall consider the physical conditions and the
calibration certificates of the physics equipment and review the current procedures
performed, as well as the emergency procedures, drills, source storage disposal issues,
posting, surveys including the results of the wipe tests and its appropriate register.

In addition, one must consider items such as electrical interlocks, source exposure indicator
lights on the after loader, control console, viewing and intercom systems, emergency
response equipment, radiation monitors, timer accuracy, clock (date and time) in unit’s
computer and decayed source activity in unit’s computer.[8]

A set of minimum requirements for specific actions are presented in Table 4, including the
frequency of verification of the most important parameters related to the safe operation of
the clinical procedures.

It is the physicist’s task to inspect the performance history of the system meticulously, using
the data in the logbook noted during the clinical lifetime of the equipment.

An important component of safety is the proper training of the staff to deal with unexpected
situations. The knowledge of the equipment design and its components, including access to
the emergency knobs, buttons and tools as shown in Fig.4, may help to speed the resolution
of a particular incident.
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Description

Minimum requirements

Test frequency Action level

Safety systems

Warning lights

Room monitor

Communication equipment

Emergency stop

Treatment interrupt

Door interlock

Power loss

Applicator and catheter attachment
Obstructed catheter

Integrity of transfer tubes and applicators
Timer termination

Contamination test

Leakage Radiation

Emergency equipment (forceps, survey meter)
Practicing emergency procedures

Hand crank functioning ***

Hand-held monitor

Physics parameters
Source calibration

Source position

Length of treatment tubes

Irradiation timer
Date, time and source strength in treatment
unit

Transit time effect

Daily /3M* -
Daily/3M* -
Daily/3M* -
3M -
3M -
w -
3M -

Daily/3M* -
6M -
A -
3M/ A** -

SE/3M >5%
Daily/3M*
6M >1 mm

6M >1 %

>2 mm

Daily -

3M -

(3M-quarterly; 6M-biannual; A-annual;

SE-source exchange;

W=weekly Adapted from [3]

*Daily checks are assumed to be an implicit part of normal operation and registered in a logbook. **
Verify the proper function of the hand-held monitor, e.g., with a known source of radiation. “Action

level” reflects the upper limit in clinical conditions

Table 4. Recommended types, frequencies and tolerances of the quality control tests.

Adapted from [3]
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HDR Unit
Emergency
Equipment

Manual Return

Battery Back-up

Fig. 4. An inside view of one of the machines available on the market illustrating a manual
system to retrieve the source and the battery back-up that keeps the equipment operational
in case of a power failure

7. Dose calculation

The dose calculation algorithm of the treatment planning systems uses the TG 43 data
[11,12], which is the best approach at the present time. This step should include a review of
the patient identification data, the imaging acquisition protocols, the data transfer to the TPS
and the results of the independent checks.

Two important steps must be considered to validate and periodically control this parameter;
first, the basic dose calculation steps as described in Table 5, and second, the dose volume
histograms, including optimization, as shown in Table 6. Both tables contain parameters of
significant relevance to allow a correct clinical decision for treatment and long term
follow-up.

In brachytherapy, it is not redundant to reinforce that the concept of recommended
tolerance levels should be interpreted such that when the tolerance level is reached, it is
essential that appropriate actions be taken.

By all means, the treatment unit should not be used clinically when the tolerance level is
exceeded unless after careful consideration by the medical physicist and with the agreement
of the radiation oncologists and radiation technologists, a joint decision is made to carry on.
For medical physicists in this position, it is essential that they possess the awareness and
skills necessary to make a sound judgment based on all available information and following
an appropriate assessment of the risks involved. This type of approach may also help with a
better understanding the concept of tolerance levels.
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Item

Material

Frequency

Point dose calculation

Source selection

Check dose distribution
calculated by TPS
Check dose distribution
calculated by TPS of

multiple source geometries

Shielding

Identify relevant dose points
around the source for which a
dose rate table is available,
compare results, tolerance level
is at #2%, analyze in detail if
deviations are > 5%

Check that the system performs
the source selection from the
library properly

Clinical benchmark cases shall
be used

Compare with previously
selected clinical benchmark
cases

Check dose distribution of
sources near the applicator
shielding

Initially and with
software updates

Initially and with
software updates

Initially and with
software updates
Initially and with
software updates

Initially and with
software updates

Table 5. The main steps involved in control of the basic dose calculations

Item

Material

Frequency

Volume calculation from

3-D imaging data

DVH of an isotropic point source

Anisotropic sources

Calculate the volume of
well-defined “organs”

and natural dose
volume histograms

Calculate the DVHs
with anisotropy
correction

Cumulative differential

Initially and with
software updates

Initially and with

software updates

Initially and with
software updates

Clinical examples

Table 6. The critical parameters related to dose volume histograms and their optimization.

Adapted from [3]

Calculate DVHs for
benchmark clinical
cases

Initially and with
software updates
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¢  Treatment-planning system
In addition to the computer itself, the major hardware devices associated with a planning
system are the digitizer and the plotter. Their accuracy should simply be routinely checked
with a benchmark case that checks the overall accuracy of source reconstruction, including
translation from film to Cartesian coordinates, rotations, and corrections for magnification.
[13,14].
The frequencies should follow those described in Table 9.7

e  The consistency between quantities and units
A main source of error in dose distribution calculations is the incorrect use of quantities and
units required by the dose calculation software. It is essential to verify the correct labeling of
the input and output quantities and units. The strength of the sources (activity) may be
specified in one of several alternative units, and the user should pay particular attention to
this important parameter. Inconsistent use of units could lead to severe errors in the
treatment and possibly compromise the expected treatment outcome.

e  Computer versus manual dose calculation for a single source
The computer-calculated dose distribution around one linear source must be compared with
published dose rate values for a similar source or with manually calculated values using the
Sievert integral. Additional tests may include summing of the dose for multiple sources and
the check of decay corrections with a proper choice of units.
e Source Tests
An important topic to be considered is the check of a new incoming source that is usually
changed 3-4 times a year, its comparison with the institutional data and the data provided
by the manufacturer.
e Wipe tests
All sources that are maintained in a permanent inventory are required to be wipe-tested for
any leakage of radiation.
Radiation levels should be measured and recorded both at the surface and at a 1-m distance.
Individual encapsulated sources should be wipe-tested for possible leakage or contamination.
A source is considered to be leaking if ~200 Bq (~5 nCi) of removable contamination using a
cotton swab is measured in a GM counter or a scintillation well counter.
e  Calibration process and its metrological traceability
Due to still some unresolved issues regarding the absolute standardization of the calibration
procedures of 192Ir HDR sources [15,16], several methods (using the interpolative approach)
are still being used, though traceable to the calibration laboratories. [17].

<

- — &

Fig. 5. A typical well-type ionization chamber, including a tool to performs tests of source
positioning within 0.3 mm, timer accuracy, and consistency of source activity
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It is recommended that brachytherapy sources have their source strength calibrations
traceable to a national standards laboratory by using a calibrated well-type ionization
chamber such as the one shown in Fig. [18]

The activity of all sources should be measured on receipt with a local well-type chamber and
compared with the manufacturer’s certificate of source strength. In case it is above the
tolerance level, another measuring system should be used until the reason for the deviation
is fully explained.

e  Constancy check of a calibrated dosimeter

The consistency of the response of the dosimetric system (electrometer, cable and chamber)
may be checked by periodic measurement using a source with long half-life, such as 137Cs
placed inside the chamber in a reproducible position. Alternatively, one may use a radiation
beam from a Linac or a Cobalt teletherapy unit fixing the irradiation parameters such as
field size, geometry, distance source to surface of chamber and number of MU. [16 ].

e  Regular check of the source positioning.

The source positioning the catheter is a very important control point before each treatment
is conducted. A very simple device may be used with the dummy source as shown in Fig.

Fig. 6. The source position ruler showing the source in a red circle

e Regular checks of applicators
The applicators are used with very high frequency and go through severe handling,
cleaning and sterilization processes.

N
\

Fig. 7. Typical Gyn intracavitary applicator ring type with an intrauterine tandem
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Periodic inspection and radiographic evaluation of all applicators should be performed at
some pre-established frequency as proposed by and described in Table 6.2

Gynecological appliances Element to be tested Frequency
Tandems Flange screws function Each use
Curvature Each use
Closure caps function Each use
Plastic sleeve and rod fit Each use
and slide
Fletcher-type ovoids Source carrier function Each use
Integrity of welds Each use
Position of shields Semi-annually or after repair
Identification markers Each use
Bridge integrity /thumb Each use
screws
Tandem-based cylinders Flanges function Each use
and tandem checks Identification markers Each use
Cylinders fit snugly Each use
Solid cylinders Source carriers function Each use
Closure caps function Each use
Intra luminal catheters Integrity Each use (after sterilization)
Strength of tip Each use (after sterilization)

Table 8. Quality control procedures for brachytherapy appliances

8. Independent auditing

Quality audits are now considered an essential component of a QC program, and there is a
strong trend for these audits to become an operational requirement by the licensing
authorities. The quality audit is a way of independently verify the correctness and
effectiveness of an ongoing program. This may be performed by individuals with qualified
proficiency or by an accredited organization or institution. The first program available was
offered by the Radiological Physics Centre (RPC) [6,1], which has been funded by the
National Cancer Institute (NCI) continuously since 1968 to provide quality auditing of
dosimetry practices at institutions participating in NCI cooperative clinical trials. These
services may or not include site visits when the discrepancies need to be resolved. Similar
services are provided in Europe by the EQUAL, which is funded by ESTRO [7]. In Brazil,
this activity is conducted by the LCR [8], and recently the IAEA promoted this conception
worldwide as part of the QUATRO program [10].

Other institutions providing quality audits are the American College of Radiology and
American College of Radiation Oncology. These two programs are more involved and
include site visits to the radiation oncology department being reviewed [19,20,21,22 ].
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9. Final remarks

Brachytherapy is indeed a very important treatment modality of several of the malignant
diseases that allows conformal treatment without complex technological involvement.
Although the basic principles of brachytherapy have not changed much during the past 100
years of radiotherapy, the advent of remote after-loading made brachytherapy more
efficient for the patient and much safer for staff from the radiation protection point of view.
In terms of human resources, brachytherapy treatment requires considerably more
involvement than an average external beam patient.

Quality control programs must be flexible to permit additional testing whenever it seems
necessary following repair, observed equipment behavior or indications of problems during
the regular quality control tests. To diminish treatment interruption due to non-regular
interventions or additional quality control measurements, it is essential to maintain the test
and measurement equipment in good order and subject this equipment to its own quality
control program, as well as to have alternate equipment readily available.

10. References

[1] P. ]J. Hoskin and Brownes, P. Innovative Technologies in Radiation Therapy:
Brachytherapy Seminars in Radiat. Oncol. (2006)16:209-217

[2] INTERNATIONAL ATOMIC ENERGY AGENCY, Lessons Learned from Accidental,
Exposures in Radiotherapy, Safety Report Series No. 17, IAEA, Vienna (2000).

[3] EUROPEAN SOCIETY OF THERAPEUTICAL RADIOLOGY AND ONCOLOGY, A
practical guide to quality control of brachytherapy equipment, ESTRO Booklet 8,
Brussels (2004)

[4] EUROPEAN SOCIETY OF THERAPEUTICAL RADIOLOGY AND ONCOLOGY,
Practical guidelines for the implementation of a quality system in radiotherapy,
ESTRO, Physics for Clinical Radiotherapy Booklet No. 4, ESTRO, Brussels (1998).

[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Standardized Quality Audit
Procedures for On-site Dosimetry Visits to Radiotherapy Hospitals, SSDL
Newsletter No. 46, IAEA, Vienna (2002).

[6] Radiological Physics Center History. Available from:
http:/ /rpc.mdanderson.org/RPC/home.htm.

[7] A. Roué, L. Ferreira, J. Dam, H. Svensson, J. Venselaar, The EQUAL-ESTRO audit on
geometric reconstruction techniques in brachytherapy’, Radiotherapy and Oncology,
2006) Volume 78 Issue 1, Pages 78 - 83
(‘http:/ /cat.inist.fr/ and http:/ /linkinghub.elsevier.com)

[8] C.E. deAlmeida. The Brazilian National Quality Program in Radiation Oncology.
National Institute of Cancer. (1998).

[9] G. ]. Kutcher, L. Coia, M. Gillin, W. F. Hanson, S. Liebel, R. J. Morton, J. R. Palta, J. A.
Purdy, L. E. Reinstein, G. K. Svensson, M. Weller, and L. Wingfield,
Comprehensive QA for radiation oncology: Report of the AAPM Radiation
Therapy Committee Task Group 40, Med. Phys. .(1994) 21, 581-618.

[10] INTERNATIONAL ATOMIC ENERGY AGENCY, Comprehensive Audits of
Radiotherapy Practices: A Tool for Quality Improvement, Quality Assurance Team
for Radiation Oncology (QUATRO). IAEA, March 2007.



26 Applications and Experiences of Quality Control

[11] P. H. Halvorsen, L.]. Das, M. Fraser, et al., AAPM Task Group 103 report on peer review
in clinical radiation oncology physics. ] Appl Clin Med Phys, (2005). 6(4): p. 50-64.

[12] R. Nath, L. L. Anderson, G. Luxton, K. A. Weaver, J. F. Williamson and A. S. Meigooni,
Dosimetry of interstitial brachytherapy sources: recommendations of the AAPM
Radiation Therapy Committee Task Group No. 43. American Association of
Physicists in Medicine, Med. Phys. (1995).22, 209-234.

[13] M. J. Rivard, B. M. Coursey, L. A. DeWerd, W. F. Hanson, M. S. Hugq, G. S. Ibbott, M.
G.Mitch, R. Nath and J. F. Williamson, Update of AAPM Task Group No. 43
Report: A revised AAPM protocol for brachytherapy dose calculations, Med Phys
(2004)31, 633-674.

[14] AMERICAN ASSOCIATION OF PHYSICISTS IN MEDICINE, Report of AAPM TG 53,
Quality assurance for clinical radiation treatment planning, Med. Phys 25 (1998)
1773-1829.

[15] INTERNATIONAL ATOMIC ENERGY AGENCY, Commissioning and Quality
Assurance of Computerized Treatment Planning Systems for Radiation Treatment
of Cancer, Technical Reports Series No. 430, IAEA, Vienna (2004).

[16] C. E. deAlmeida, A. J. Pereira, M. H. Marechal, J. C. Crugz, J. C. Ferraz, A. J. Giordani,
C.M. Khalil, E. H. Martins, G. Menegussi, D. Moreira, J. R. Rocha and M. A. Pinto,
Intercomparison of calibration procedures for 192Ir HDR sources in Brazil, (1999).
Phys.Med. Biol. 44, N31-N38

[17] R. Di Prinzio and C.E. deAlmeida Air kerma standard for calibration of well type
chambers in Brazil using 192Ir HDR sources and its traceability. Med. Phys. (2009) 36
(3), 953-60.

[18] IAEA, Calibration of brachytherapy sources: Guidelines of standardized procedures for
the calibration of brachytherapy sources at secondary standard dosimetry
laboratories (SSDL) and hospital, Report Ne TECDOC 1079, IAEA, Vienna, 1999.

[19] N. A. Ellerbroek, M. Brenner, P. Hulick, et al., Practice accreditation for radiation
oncology: quality is reality. | Am Coll Radiol, (2006). 3(10): p. 787-92

[20] R. Ochoa, F. Gome, I. H. Ferreira, F. Gutt and C. E. deAlmeida; CE. Design of a
phantom for the quality control of high dose rate 1%2Ir source in brachytherapy.
Radiotherapy and Oncology, (2007). (82), p. 222-228.

[21] N. A. Ellerbroek, M. Brenner, P. Hulick, et al., Practice accreditation for radiation
oncology: quality is reality. ] Am Coll Radiol, (2006). 3(10): p. 787-92.

[22] G. W. Cotter and R.R. Dobelbower, Jr., Radiation oncology practice accreditation: the
American College of Radiation Oncology, Practice Accreditation Program,
guidelines and standards. Crit Rev Oncol Hematol, (2005). 55(2): p. 93-102.

[23] P. A. Johnstone, D.C. Rohde, B.C. May, et al., Peer review and performance
improvement in a radiation oncology clinic. Qual Manag Health Care, (1999). 8(1): p.
22-8.



3

Applications and Experiences of Quality Control
to Surgical and Interventional Procedures

David Biau'?, Lionel Dessolle? and Raphaél Porcher!~
L3Département de Biostatistique et Informatique Médicale, Hopital Saint-Louis,
Assistance Publique Hopitaux de Paris, Paris

SUMR-S 717, Inserm; Université Paris Diderot — Paris 7, Paris

2Service de gynécologie obstétrique, Hopital Tenon, Assistance Publique
Hopitaux de Paris, Paris

France

1. Introduction

Statistical process control have emerged in the medical literature after a wide expansion in
the industry. In the nineteen-twenties, Walter A. Shewart, with a group of experts, established
the scientific ground for quality control at Bell Telephone Laboratories Shewhart (1931). It
is only in the nineteen fifties that quality control procedures were employed to ensure the
precision of hospital laboratory machines used in biology, nuclear medicine, drug industry
and other medical domains Anderson (1982); Batson et al. (1951); Brookeman (1978); Hollinger
& Lansing (1956); Loynd (1962); Pribr & Shuster (1967); Waid & Hoffmann (1955). Later,
in the nineteen seventies, the use of these methods shifted to the monitoring of the effect
of treatments on patients Kinsey et al. (1989); Morgan et al. (1987); Robinson & Williamson
(1974); Walters & Griffin (1986); Wohl (1977), and then to other more complex levels such as
the performance of departements Chamberlin et al. (1993); The Inquiry into the management
of care of children receiving complex heart surgery at the Bristol Royal Infirmary (2001),
hospitals Sellick (1993), regions Tillett & Spencer (1982) or nation-wide processes Hand et al.
(1994). 1t is only recently that these methods have been used to monitor the performance
of physicians themselves in various disciplines. In this case, the success of the procedure
is directly imputed to the the competency of the care provider. Statistical process control
methods have been used in surgery de Leval et al. (1994); Novick & Stitt (1999); Van Rij et al.
(1995), obstetrics Lane et al. (2007), endoscopy Williams et al. (1992), anaesthesiology Kestin
(1995); Lagasse et al. (1995), etc.

Recently the Institute of Medecine, Washington DC, USA, in its report “Crossing the Quality
Chasm: A New Health System for the 21st Century” stated that “reducing waits and sometimes
harmful delays for both those who receive and those who give care” was one of the six aims proposed
to adress key issues of today’s health care system of Medicine (2001). The implementation of
quality control procedures are meant for that purpose: detecting inadequate performance,
should it occur, as soon as possible so that corrective actions may be undertaken and patient
care improved.

The use of quality control methods in medicine presents some specificity and challenges
when compared to that of the industrial context. When one monitors the performance of a
care provider, the manufactured good is biologic: the patient. First, the raw product onto
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which the procedure will be performed, the patient, presents characteristics whose only
a very limited subset are usually known. For instance when a physician is interested in
monitoring endoscopic cholecystectomy, the patient undergoes a CAT scan and a few blood
tests which provide very limited information on the product. Second, since some significant
characteristics are retrieved before an intervention, we know that based on this limited
information only, patients are nonetheless very different from one another. These differences
may lead to variation in the outcome which should not always be attributed to a change
in the performance of a surgeon for instance. Third, the process under scrutiny is poorly
contained and under the effect of numerous unknown or unanticipated variables, either seen
as chance or assignable causes. A surgeon who desires to monitor the implantation of total
knee replacements to ensure that his or her performance is correct, may see failures because
of poor bone quality, because of a traumatic fracture, or because of an infection, all being
unrelated to his or her surgical skills. Last, the measure of quality is equivocal, difficult and
subject to variation. For instance, measuring the success of an interventional procedure such
as fiberoptic intubation may include the actual intubation per se, the time required to complete
the procedure, the occurrence of a complication, or a composite of these criteria.

Another very specificity with using quality control methods in medicine is that often
physicians are interested in determining when one can say, with some confidence, that a
trainee has reached a certain level of performance. In that case, we are monitoring a process
that we know is out of control at the begining of the observation period and we want to
determine when this process reaches an in control state. In standard control chart usage this
corresponds to the phase I of control chart application where engineers gather data, define
control limits, identify and correct assignable causes and repeat this cycle until the process
is brought to a stable, in control performance state Montgomery (2005). In medicine, this
situation corresponds to the learning curve of a trainee and a new control chart has been
recently developed for that purpose Biau & Porcher (2010).

In the sequel, we will present the main statistical process control methods used to monitor
surgical and interventional procedures with their specificity such as the possibility for
case-mix adustment. We will also present a new method specifically designed to monitor
the learning curve Biau & Porcher (2010). Some historical papers will be presented and an
example will be detailed.

2. Statistical process control methods

2.1 Monitoring a process from an in control to an out of control state

2.1.1 Control charts

Walter A. Shewart developped a control chart in the nineteen-twenties while working for
Bell Telephone Laboratories Shewhart (1931). A control chart is a graphical representation
of the measure of some characteristics of a product, or of a sample of products, against the
sequence of these measures. Usually a control chart has a central line which corresponds to
the expected value of the characteristics when the process monitored is in control and one
or two control limits which define in and out of control zones. Different control charts exist:
variables control charts when we are interested in a continuous variable or attributes control
charts when we are interested in a dichotomous variable; control charts without memory such
as the Shewart chart or with memory such as the exponentially weigthed moving average
(EWMA) that averages the data in a way that gives less and less weight to data as they are
further removed in time, etc Page (1954); Roberts (1959); Shewhart (1931); Wald (1945). But for
all, the objective is to display the variation over time of the process under scrutiny.
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The choice of control limits will determine the capacity of the chart to detect a change in the
process, and therefore the user will require fine adjustement of these limits before the start of
monitoring. Typically, given a period of monitoring the user will have to set the risks he or
she is willing to take not to detect a change in the performance of the process when it occurs
or, on the contrary, to emit a false alarm when no significant change in the performance of
the process has occured. The upper and lower control limits, UCL and LCL have a general
definition of the form:

UCL = py + Loy

1)
LCL = py — Loy

where 11, and 0y, are the mean and standard deviation of the statistic used to monitor the
process, and L the distance of the limit to the mean. A well known limit used in quality control
is the 3 sigma limit where L = 3; in that case, when the process is in control and if the statistic
used follows a normal distribution, 99.7% of the measures will be found in between the upper
and lower control limits. Numerous control charts have been developed over time such as the
cumulative summation (CUSUM) chart, the EWMA, etc.

2.1.2 the CUSUM test

2.1.2.1 Definition

The CUSUM test was developed in the nineteen-fifties by Page Page (1954) after Wald’s
work on sequential tests Wald (1945). It was originally developed to monitor the quality
of manufactured products and later was found to be attractive to the medical context. Let
us note Xi, Xy, X3,..., the sequence of observations of the process under surveillance and
assume no serial correlation. We denote by y the mean of the process. These could be the
times to complete appendectomies, the outcomes of neonatal arterial switch operations, or
any other quantity that one would wish to monitor. The CUSUM sequentially tests after each
observation X;(t > 0) the following hypothesis Hy: i = po, ie the process is in control, versus
Hy: pu # po, ie the process is out of control. The value ji is often referred as the target. In its
one sided formulation, where Hy: yt = p is tested against Hy: u = p11 (11>140) the test is based
on the statistic Sy computed after each observation X; as:

Si =max(0,S;_1 + W;), Sp=0 @)

where the sample weight W; depends on the observation X;, pg, and pj. Moustakides
Moustakides (1986) showed that optimal choices for W; are proportional to the log-likelihood
ratio. The test statistic S; is compared to a predefined limit h. If S; equals or exceeds 1, the null
hypothesis is rejected. In quality control wording the CUSUM test is said to emit an alarm
indicating that the process is out of control. As long as S; remains below F, the null hypothesis
cannot be rejected and monitoring continues under the assumption that the process is in
control.

2.1.2.2 Normally distributed data

The monitoring of normally distributed data is uncommon in the medical literature. Examples
are the monitoring of the alignement of knee prosthetic replacements Nizard et al. (2004)
and the laxity of anterior cruciate ligament reconstructions Biau et al. (2010). For normally
distributed data of known standard deviation o, because deviation may occur above or below
the target value, two CUSUM tests are used in parallel to test Hy against Hy: y = piq = po + go
and H_q: p_q = po — go (with ¢ > 0). The tests statistics StJr and S, used are defined as:
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S, =max(0,S; ; + W,")
®)
S, =min(0,S5, ; + W)
with the following sample weights,
Wit = (Xt — o) /o0 —g/2
)
Wi = (Xe —po)/o+8/2

With such scores, S;” and S;” only build up if X; deviates from y( by go/2 or more. The null
hypothesis is rejected if S;” > h or S; < —h. In practice ¢ is not known but as monitoring is
prospective and parameters defined a priori, o represents the expected standard deviation of
the series and not the estimated standard deviation.

2.1.2.3 Binomial data

Medical data monitored are most often expressed in a success/failure dichotomy and
therefore, the CUSUM test for binary data is the most frequently used Biau et al. (2007).
Examples include monitoring the quality of implantation of hip prostheses Biau et al. (2009),
or monitoring the 30-day mortality after complex cardiac surgery Steiner et al. (1999). In this
case the mean of the process y is equal to the probability of the event monitored (usually
the failure), which will be noted p. The CUSUM tests after each procedure the following
hypothesis Hy : p = pp vs Hy : p = pi1, where pp is the probability of failure when
performance is adequate, and p; the probability of failure when performance is inadequate.
Inadequate performance failure rates are usually 2 to 5 times higher than the target rates Bolsin
& Colson (2000); de Oliveira Filho (2002); Kestin (1995). In this setting, the log-likelihood ratio
score in equation 2 is obtained from the Bernoulli distribution as:

Wi = log[py" (1 — p1)' X/ p) (1= po) =] )
where X;, the outcome, is equal to 0 for success and 1 for failure.

2.1.2.4 Time to event data

CUSUM test have been developed for monitoring time to event data such as the failure of
a prosthesis, or that of kidney and liver transplants, over time Biswas & Kalbfleisch (2008);
Hardoon et al. (2007); Sego et al. (2009). The reason for using time to event data is that
compared to a CUSUM test based on the Bernoulli distribution, one does not have to wait
the end of a period of time to assess failures and successes. Therefore, the outcome of each
procedure contributes to the test statistic instantaneously. Depending on the situation, the
test is based on the deviation of the process from a constant hazard or from one that varies
over time such as that from a Weibull model Hardoon et al. (2007); Sego et al. (2009). The
method may be adjusted and based on a discrete time Hardoon et al. (2007) or continuous
time detection Biswas & Kalbfleisch (2008); Sego et al. (2009). However, in practice it should
be noted that eventually the responsiveness of the CUSUM test developped will be limited
by the technical possibilities of collecting, analysing, and reporting the data on a regular and
frequent basis. For instance the CUSUM test based on the likelihood ratio statistic will have
the following sample weight Hardoon et al. (2007):

W; = Ojlog(HR) — (HR — 1)E; (6)
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where O; and E; represent the number of failures observed and expected on interval j under
the null hypothesis, and HR represents the hazard ratio of departure from target that one
wants to detect. For instance, the number of failures expected on interval j based on the
Weibull distribution where the hazard function is h(t) = )vyt'yfl Collett (2005), with A > 0,
v>0,and 0 <t < o0, is:

E] = /\0 Z{(fzi — toi)’y - (tli - t()i)’y} (7)
i=1

where Ay is the scale parameter of the Weibull distribution under the null hypothesis, - is the
shape parameter under both the null and alternative hypothesis, ty; is the time of realisation
of the procedure on a time scale, t1; is the maximum between fj; and the lower boundary of
interval j, and tp; is the minimum between the time of failure of the procedure and the upper
boundary of interval j.

2.1.2.5 Adjusted CUSUM

To avoid unduly penalizing a care provider or a center owing to disadvantageous case-mix
selection, adjusted CUSUM tests have been proposed Sego et al. (2009); Steiner et al. (2000).
In that case, each procedure is attributed a risk of failure based on the values of a set of
covariates, and the statistic used is weighted on these covariates. Therefore, say a surgeon
after some years in practice sees his or her practice shifts towards operating more and more
complex cases. Although this surgeon has gained experience over the years, his or her results
may tend to be pulled downwards and a standard monitoring method may detect inadequate
performance when it is in fact the opposite. Adjusting the CUSUM on the difficulty of the cases
which the surgeon operates on will avoid unecessary alarms and audits. As an illustration, let
us consider the monitoring of a binary (success or failure) outcome. Assume that for patient
t the pre-operative surgical risk may be determined from a set of covariates, and is noted p;.
The null and alternative hypotheses are now defined in terms of an odds ratio (OR), since each
patient has a different baseline risk. The CUSUM test repeatedly tests Hy: OR = OR versus
Hj: OR = ORy, and one may use the following sample weights Steiner et al. (2000):

1-p+0 ,
log [%} if Xp =0 (success)

Wi = ()

(1-pi+ORop1)OR | ¢y _ )
log [m] if Xy =1 (failure)

There are caveats in using adjusted CUSUM tests though. First, the set of covariates used
for the adjustment must be unambiguous and consensual, and cannot be determined from
the sample being monitored. Second, adjusted CUSUM tests explicitly infer that the results
expected are different from on patient to another, and at some point, this goes against
the philosophy of quality control which is to get rid of variability; indeed, as Douglas
Montgomery puts it “Quality is inversely proportional to variability” Montgomery (2005). The
variability seen should not necessarily be accounted for in the statistical method, and one
may have to deal with it in the care of the patients.

2.1.2.6 Performance of the test

The CUSUM test has the particularity to display a holding barrier at 0 and to never accept the
null hypothesis. Eventually this latter hypothesis is rejected regardless of the true performance
of the process. Therefore, when the number of observations tends to infinity the CUSUM test
has type I error rate and power of 100% in terms of traditional hypothesis tests. Performances
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of CUSUM tests are thus expressed differently. Average run lengths (ARL) are commonly
used to report the performance of a CUSUM test: the ARLy and ARL; are the mean number
of observations before an alarm occurs if the process runs under the null and alternative
hypotheses respectively. Ideally, one wants to choose a limit so as to yield an important ARL(
and a low ARL;; therefore when the process is in control, false alarms are rare, and when
the performance shifts, the test is responsive. However, both ARLs vary in the same direction
as the limit & is moved upwards or downwards and there is a necessary trade-off between
the probability of false alarms under the null hypothesis and the speed at which alarms are
emitted under the alternative. Concerns have been raised in the literature regarding the use of
average run lengths. First, run lengths have a skewed distribution that renders the average an
inadequate measure of the underlying performance of CUSUM tests Woodall (1983). Second,
run lengths are sometimes misleading and lead to the choice of inadequate limits Biau et al.
(2009) and physicians usually prefer dealing with type I and type II errors Frisen (1992). In
that case the performances of CUSUM tests are expressed in terms of true and false discovery
rates (TDR and FDR), namely the probability of an alarm to be emitted under the alternative
and null hypotheses within a defined number of observations Marshall et al. (2004). We now
prefer this latter approach.

In some medical applications no decision boundaries are used and the sample weight W; is
simply plotted against the sequence of observations; this is called a CUSUM graph. In that case
performance is informally judged by looking at the slope of the line plotted and compared to
the theoretical slope expected under Hy.

2.1.3 Other methods commonly used

Numerous statistical methods have been developed to monitor the performance of a process
and, consecutively, have been used in surgery and interventional procedures. The sequential
probability ratio test (SPRT) was developed by Wald and is sometimes used in the medical
domain Wald (1945). The SPRT is based on the following test statistic:

Y, =Y, 14+W, Yo=0t=123.. )
with

Wi zlog{ll—t}, (10)

ot

where Iy; et lp; correspond to the likelihood of observation t under H; and Hj, respectively.
W; is thus defined similarly as for the CUSUM tests. However, one major difference with the
CUSUM test is that the SPRT has no holding barrier and presents two decision limits, one to
accept the null hypothesis, and the other one to reject the alternative hypothesis. The ability
of the SPRT to accept the null hypothesis, i.e. to reject the alternative, has led physicians to
use it to monitor the learning curve Biau et al. (2007). However, there are caveats in using
such a procedure. We have found no practical interest so far in detecting, at the same time,
a shift towards inadequate or adequate performance. It is one or the other that is of interest.
If the performance monitored is assumed to be in control, then we are interested in detecting
when it becomes inadequate and there is no need in detecting adequate performance only
to continue the monitoring. If the performance is assumed to be out of control, such as for a
trainee for instance (see below), there is no need for a test that indicates that the performance
is indeed inadequate and we are only interested in knowing when it reaches a certain level of
adequacy. If we don’t know the status of the process being monitored, then we should assume
it is no adequate and use a LC-CUSUM test (see below) and once an in control status has been
reached, a conventional CUSUM test can be used.
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The Exponentially Weighted Moving Average (EWMA) was developed by Roberts in the late
fifties and, later, developed further by other authors Hunter (1986); Roberts (1959). In this
method, the older the observation the less weight it conveys. The test is based on the following
statistic:

ZtI)\Xt—F(l—/\)Zt,l, ZOI]/lo,0<)\§1,t=1,2,3,... (11)
With the following limits:

Wt =+ La\/ﬁ[l — (1= ))%]
(12)

W = o= Loy/ 51— (1= 1?1

where L is the difference between the limits. The parameters L and A, usually chosen as 0.05 <
A < 025 and L = 3, allow to define the test performance. Overall, EWMA and CUSUM
charts have been reported to have similar efficiency Lucas & Saccucci (1990), but choosing
the appropriate exponential function remains however difficult in the absence of previous
information. An example of the use of this method in medicine may be found in an intensive
care unit Pilcher et al. (2010).

2.2 Monitoring a process from an out of control to an in control state: the LC-CUSUM test
Often physicians are interested in determining the time at which point we can assume a
trainee has reached a certain level of performance so that supervision, or even training, may
stop and resources be redirected to another trainee Biau et al. (2007). The LC-CUSUM test has
been developped for that purpose Biau & Porcher (2010); Biau et al. (2008). The LC-CUSUM
test was designed in a similar manner to the two one-sided tests procedure for equivalence
clinical trials Chow & Shao (2002). This time, the null hypothesis Hy is that the process is not
in control, or in the present case that performance is not adequate. In terms of measurements,
the null hypothesis corresponds to a process that is not centered on a target o, but deviates
on average at least by ¢. This can be rewritten as Hp: | — ptg| > 6. The alternative hypothesis
is that the process does not deviate from jy by more than J, namely Hy : |y — po| < 6.
The null hypothesis is the union of the two one-sided hypotheses Hy; : 4 — 9 > J and
Hpy : 4 — po < 9, and Hy has to be rejected when both Hy; and Hyy, are rejected. In practice,
simple hypotheses are set to parameter the test: Hp;: 4 = po + 0 and Hopp: p = pg — 0
under the null hypotheses and Hj: pt = jio under the alternative hypothesis. A CUSUM test
statistic is then constructed for each hypothesis in a traditional way (see eq. 2). When the
process can only deviate on one side, the corresponding hypothesis Hy; or Hy, only is tested.
For instance, when monitoring binary data (success/failure) one is generally interested in
testing only whether the failure rate of a trainee does not deviate by more than an acceptable
amount above adequate performance. In that situation, the hypothesis Hy, is ignored. This
situation can be regarded as akin to non-inferiority trials. The purpose of the CUSUM test
is to reject an inadequate performance level; the purpose of the LC-CUSUM test is to signal
when performance is sufficiently far away from an inadequate performance level to consider
the performance as adequate.

For normally distributed data, with § = g0 (g > 0), the following sample weights are used:

{th = (Xt —po)/oc—g/2

W2 = (X¢ —po)/o+8/2

(13)
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and for dichotomous data:

. po(1—po)' %
(po + )Xt (1 — pg — &)1 %

Given the fact that one may start monitoring with an LC-CUSUM test and then, once adequate
performance has be shown, continue monitoring with a CUSUM test, confusion may arise
in the definition of the adequate and inadequate performance levels under the null and
alternative hypotheses for the CUSUM and LC-CUSUM tests. Therefore, it is preferable to
determine the adequate and inadequate performance levels and the acceptable deviation
based on clinical information such as previous data, literature, and opinions of expert and
then decide what levels will be chosen under the null and alternative hypothesis for both
tests. For instance, in endoscopic retrograde cholangiopancreatographies one will decide that
the adequate performance is 10% failure, that 25% failure is inadequate and that 5% is an
acceptable deviation from the adequate performance level. Therefore, for the LC-CUSUM test,
the performance considered under the null hypothesis is Ho: = po + ¢ = 0.15 and under the
alternative is Hy: p = pop = 0.1; and for the CUSUM test, the performance considered under
the null hypothesis is Hy: # = pip = 0.1 and under the alternative is Hy: y = p1 = 0.25.
Obviously the acceptable deviation from target, 4, considered for the LC-CUSUM may vary
between 0 and |p1 — pig|. As proposed by Jones et al Jones et al. (1996) for equivalence
trials, choosing this acceptable deviation to be § < (u3 — po)/2, will reasonnably allow a
buffer between what is deemed as acceptable for the LC-CUSUM test and the performance
considered as unacceptable for the CUSUM test. Performances of LC-CUSUM tests may also
be expressed in terms of true and false discovery rates (TDR and FDR).

W} =1lo (14)

3. Applications

3.1 Applications to surgical procedures

Marc R. de Leval, a cardiothoracic surgeon, was the first to report the monitoring of his own
performance in the nineteen-nineties de Leval et al. (1994). In his landmark paper, he used a
sequential probability ratio test to monitor the 30-day mortality rate after 104 neonatal arterial
switch operations. During this period, he experienced a cluster of surgical failures with 7
deaths from the 53t to the 68 observation. The probability of observing 7 deaths or more
in 16 patients when the expected mortality rate is 10% is very small (0.0005, by the binomial
distribution), and this cluster was attributed to inadequate performance. He concluded that
control charts were useful to detect unfavorable trends in performance and correct surgical
technique if needed. He also introduced the concept of near-miss, a surrogate for a failed
procedure, which was used in civil aviation to monitor the skills of pilots, and that could play
a role in monitoring the performance of surgeons.

The Bristol Royal Infirmary case was another major determinant in the interest that quality
control procedures would raise at the begining of the 215t century The Inquiry into the
management of care of children receiving complex heart surgery at the Bristol Royal Infirmary
(2001). A public inquiry was conducted between 1998 and 2001 on the management of the care
of children receiving complex cardiac surgery at the Bristol Royal Infirmary between 1984
and 1995. The mortality rate at that center proved to be twice the rate in England and did
not demonstrate the decrease seen over time in the rest of the country. Despite having enough
information from the late 1980s onwards to raise significant questions about the mortality rate,
there was no systematic mechanism for monitoring the clinical performance of care providers
or of the center. Therefore, it took many years before clinical activity was stopped and an
audit conducted. The report therefore recommended that “for the future there must be effective



Applications and Experiences of Quality Control to Surgical and Interventional Procedures 35

systems within hospitals to ensure that clinical performance is monitored. There must also be a system
of independent external surveillance to review patterns of performance over time and to identify good
and failing performance”. An application of quality control methods to the data collected during
the inquiry showed that inadequate performance could have been detected as early as 1991
Spiegelhalter et al. (2003). Numerous applications have then been published around the world
with various control charts, adjustement on patient risk factors, and use of near-misses Albert
et al. (2004); Novick et al. (2001); Poloniecki et al. (2004); Rogers et al. (2005); Tsang et al. (2009).
The use of quality control procedures has spread to other surgical disciplines. Although the
enthousiasm is not as strong as that seen in cardiac surgery, there are initiatives using these
methods and improving patient care in other areas. In general surgery these methods have
been used to monitor the quality of, among other procedures, laparoscopic cholecystectomy
Bartlett & Parry (2001), parotidectomies Sharp et al. (2003), ileal pouch-anal anastomosis
Tekkis, Fazio, Lavery, Remzi, Senagore, Wu, Strong, Poloneicki, Hull & Church (2005),
laparoscopic colorectal resections Tekkis, Senagore, Delaney & Fazio (2005), or thyroidectomy
Connolly & Watters (2010). In orthopaedics, these methods have been used to monitor the
quality of implantation of knee and hip replacement Biau et al. (2009); Nizard et al. (2004),
the failure of hip implants Hardoon et al. (2006) and reconstruction of the anterior cruciate
ligament Biau et al. (2010).

3.2 Applications to interventional procedures

Numerous applications of quality control methods have been reported in interventional
disciplines. Parry Parry & Williams (1991) was one of the first to report the monitoring of
his experience of 305 unassisted colonoscopies using a CUSUM chart (no limits were used in
this report). Success was defined as completion of the procedure and a target performance of
10% failure rate was aimed at. Overall, 250 procedures (82%) were completed. The analysis
showed that there was a steep improvement in performance during the first 100 procedures
and that the target performance was reached around the 200" procedure; however, as noted
earlier, the CUSUM chart does not allow a precise determination of when the performance
can be considered as adequate as opposed to the LC-CUSUM test.

Anaesthesiologists who perform many critical and highly technical interventional procedures
for their practice have also shown a particular interest in using quality control procedures
to monitor their performance. Kestin Kestin (1995) reported in the mid-nineties the use of
the SPRT to monitor residents performing obstetrics extradurals, spinal anaesthesia, central
venous and arterial cannulations. The levels of performance varied from one procedure to
another from 5% to 20% and 20% to 40% for the adequate and inadequate levels respectively.
The same year Lagasse Lagasse et al. (1995) reported the use of a Shewart chart to monitor 13
clinical indicators of inadequate care, such as the unplanned admission to intensive care unit
of a patient or the occurrence of a postural headaches following spinal or epidural analgesia.
13,389 procedures were monitored over a 12 months period, and 116 complications were
reported. Only one indicator revealed inadequate performance. Afterwards, other authors
have monitored the outcome of various interventionnal procedures such as labour epidurals
Naik et al. (2003), nerve blocks Schuepfer & Johr (2005), or orotracheal intubation in a
mannequin Correa et al. (2009).

3.3 Applications to the learning curve

From the beginning, statistical process control methods have been used to monitor the
performance of trainees because physicians were not satisfied with the usual methods
available for evaluation. Traditionally, either a predetermined number of cases was prescribed
or direct observation by the tutor was necessary. In the former case, the method was not felt
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to be individualized to the trainee with some trainees having completed the required number
of procedures but who were not proficient yet and others showing competence early and thus
rendering supervision unecessary Dagash et al. (2003). In case a tutor was used to evaluate the
trainee, subjectivity was a problem Sloan et al. (1995). Therefore, most studies using statistical
process control mehods to monitor the performance of surgical or interventional procedures
have been directed at monitoring the learning curve Biau et al. (2007). The idea with using
statistical process control methods is that one would be able to determine when a trainee
has reached proficiency in an objective and individual manner at the same time. Numerous
methods have been used: some, such as Parry Parry & Williams (1991) for instance, have used
a CUSUM chart and based on the slope of the curve they decide approximately when an
adequate level of performance has been reached. This method provides a visual help but it
is not accurate. Some, such as Kestin Kestin (1995), have used a sequential probability ratio
test and use one of the boundaries to detect adequate performance whilst the other boundary
detects inadequate performance. Although this test is attractive, it is inadequate to monitor
the learning curve because of the inconsistency in the emission of alarms when processes with
similar performance are monitored. It is for that reason that we have designed the LC-CUSUM
test as described above. To date it has been used to monitor the competence of an endoscopist
performing endoscopic retrograde pancreatography Biau et al. (2008), that of a gyneacologist
performing vitrification of embryo Dessolle et al. (2009) and embryo transfers Dessolle et al.
(2010), and that of radiologist in the diagnosis of endometriomas by transvaginal ultrasound
Bazot et al. (2010).

4. Worked example

4.1 Monitoring the ongoing performance of a surgical procedure

Say a surgeon wants to monitor the quality of implantation of total hip replacements. She
knows that the longevity of the implant is associated with the technical precision with which
she will perform the procedure. She defines ten criteria (see table ??) to assess the overall
quality of the procedure. Some, such as the cup abduction angle, are a direct measure of the
technical aspect of the procedure, whilst others, such as a revision during hospital stay, are
surrogates for the whole process; however, she feels that all criteria are of importance. In
the absence of previous information on case-mix she decides not to use an adjusted method
and to weight each criterion identically. Therefore, the procedure will be considered as failed
if any of the ten criteria is failed. Based on previous information Biau et al. (2009) and on
consensus among other surgeons she decides that 18% failure represents an adequate level of
performance (target performance) and that 36% failure rate would indeed indicate inadequate
performance. She decides to use a CUSUM test and based on computer simulation she sets
the decision limit # = 5.6, yielding a TDR of 99.8% and FDR of 3% for 200 observations.
Figure 1 shows the CUSUM test for the monitoring period. The test is based on equation 5,
with pp = 0.18 and p; = 0.36. Five meetings were held during that year (indicated by the
arrows). Overall 106 of the 500 total hip replacements (21.2%) were considered as failed. The
score increases with each failure and decreases otherwise. The holding barrier at 0 prevents
the score from drifting away from the decicion limit with the accumulation of successes;
therefore, the test remains responsive to the occurrence of inadequate performance at all
times. The CUSUM test emmited an alarm after 87 procedures. After an audit, she identifies
the main reason for failures and corrects her surgical technique accordingly. Monitoring is
restarted and no alarm is emitted afterwards.
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4.2 Monitoring the learning curve of a trainee

Say a program director in obstetrics and gynecology desires to assess the competence of
trainees wishing to learn the use of fetoscopic-directed laser therapy for the treatment of
twin-twin transfusion syndrome. Given the syndrome is rare only few centers around the
world perform this procedure and the resources required to train a gynecologist are limited.
Also, the procedure is technically complex and the life of fetuses at risk. Therefore, he
would like to make sure that each trainee is only allowed to perform the procedure with no
supervision once he or she is competent and that, given the limited number of cases available
for teaching, as soon as a trainee is competent the resources may be directed to another trainee.
After a literature search and consensus among senior practitioners in the country they decide
to set a nation-wide program that will allow fellows to be trained and during which their
performance will be monitored with a LC-CUSUM test. An adequate performance level of
10% failure rate, inadequate performance of 25% and an acceptable deviation from adequate
performance of 5% will be considered. Because the outcome of a poorly performed procedure
threatens the life of the fetus, they decide to allow no more than 5% FDR. Given the limited
number of cases they cannot provide more than 100 procedures per trainee during training.
Therefore, they choose a limit 1 = 1.25 so that the TDR is 85% over these 100 procedures. Three
fellows decide to enter the program. All procedures they perform are under supervision and
at the end of each procedure a debrief is conducted. The procedure is considered as failed if
none of the fetus survives at birth or if the trainee was not able to complete the procedure
without any assistance. Therefore, in case the tutor considers the procedure is not performed
adequately by the trainee, and that this puts the fetus life at risk, he or she takes on the case
and completes the procedure in an adequate manner so that the level of care provided to
patients remains adequate. The LC-CUSUM test for the three trainees is depicted figure 2. One
trainee demonstrated competency at the 52nd procedure, another one at the 83d procedure,
and the last one did not demonstrate competency during the alloted number. The case of
the last trainee should be discussed among seniors and with the trainee before he or she can
resume monitoring. One of the reason being that statistically, if the trainee is given more cases
with the same limit, the risk of a false detection increases, and eventually, regardless the true
performance of the trainee, an alarm will always occur.

5. Conclusion and perspectives

To date, numerous reports using quality control methods have been published in the surgical
and interventional literature. These reports provide good evidence that these methods are
useful in ensuring that adequate performance level is maintained over time. Also, and more
importantly, they provide some assurance that should inadequate performance occur, it will
not go undetected for an undue period of time. Ensuring that the quality of care provided
is adequate at all time is paramount from the patient, physician and health authorities
perspectives. However, there are non statistical issues that deserve more attention before we
see these methods unveil their full potential.

First, these methods are underused because of the lack of knowledge of most physicians that
such methods exist. These methods were transferred only recently to the medical domain
and are quite separated from the natural understanding of physicians. They are not taught
in curriculums and it is most of the time by an incidental discovery that a surgeon or an
endoscopist will encounter them. As quality improvement initiatives make their way into
the medical curriculum hopefully the awareness of physicians will increase accordingly
Boonyasai et al. (2007).
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Second, there is a genuine fear that these methods, which can measure performance at an
individual level, will be misused. Physicians may feel these methods will be used to rank
and compare them and ultimately be used in a coercitive way to impose changes they do not
agree with. This is not what these methods should be used for. These methods are not meant
for deterrence but for improvement. Quality control methods should be part of a quality
improvement program and, as such, it is paramount that they remain in the hands of those
who are under observation to improve the quality of care they deliver. They should be aimed
at detecting under-performing units in order to improve them, not in order to blame them,
and at all time they should be centered on the patient’s need. It is only by stepping in and
implementing these methods first that physicians will limit their use to what they want so
that these methods are not imposed blindly by healthcare authorities or management. Also,
the use of such methods to detect inadequate performance does not mean that only a small
subset of units will benefit from quality improvement methodology; ideally the modification
of the process under observation should benefit every care provider, or every center, not just
the lower end of them.

Third, there is a lack of consensus among centers and practitionners regarding numerous
aspects of monitoring which restrain the spread of these methods. Processes are not always
clearly defined when, for instance, it may involve the technical act per se or include the
perioperative period. For a similar process, the outcome measures may vary from one center to
another or from one practitioner to another. The levels of performance may also be different.
If we agree that discrepancies are expected with surgeons or interventionists willing to see
different aspects of a process being monitored or different levels being targeted, there is an
urge for those who spearhead the implementation of quality control methods to meet and
discuss their fundamentals.

Last, although the statistical methods of quality control are constantly developed, the major
difficulty physicians will encounter is the practical aspect to implement these methods. It is
time and resource consuming to collect, analyse and report data. Ideally, these methods should
be functioning in an almost automated manner, smoothly, in the background so as not to
interfer with clinical practice. And it is only at the time of regular reports that physicians
should come aware of them and, if necessary, change the process that was under observation.
Only a close relation between information technology and clinical practice will allow that.
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6. Figures and tables

Subset Inadequate if Method of measurement

Technique 1 fracture of the acetabulum requiring as per operative note
fixation or change in the technique
2 fracture of the femur requiring fixation or as per operative note
change in the technique

3 -1 cm > leg length difference > 2 cm X-ray AP pelvis
Stem 4 -4°> stem inclinaison angle > +4° X-ray AP pelvis
5 stem cement mantle modified Barrack C or X-ray AP pelvis
D class
Cup 6 +30°> cup abduction angle > +55° X-ray AP pelvis
7 0°> cup version angle > +30° X-ray AP pelvis and hip

8 lucent line > 1mm in one zone or more X-ray AP pelvis
for cemented cups or a gap > 3mm for
uncemented cups
Clinical 9 Dislocation or reoperation for any reason as per hospital record
during hospital stay
10 Death regardless the reason during as per hospital record
hospital stay

Table 1. Performance criteria considered for the success of total hip replacement
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Fig. 1. CUSUM test for a surgeon performing 500 total hip replacements with pg = 0.18,
p1 = 0.36, and i = 5.6. Arrows indicate meetings where the results were presented. The
CUSUM test emmited an alarm after the 87 procedures.
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Fig. 2. LC-CUSUM test for 3 trainees performing fetoscopic-directed laser therapy for the
treatment of twin-twin transfusion syndrome with py = 0.1, § = 0.05, and & = 1.25. The
LC-CUSUM test emmited an alarm after 52 and 83 procedures for trainee 1 and 2
respectively. No alarm was raised for trainee 3.

7. References

Albert, A. A., Walter, J. A., Arnrich, B., Hassanein, W., Rosendahl, U. P, Bauer, S. &
Ennker, J. (2004). On-line variable live-adjusted displays with internal and external
risk-adjusted mortalities. A valuable method for benchmarking and early detection
of unfavourable trends in cardiac surgery, Eur | Cardiothorac Surg 25: 312-319.

Anderson, D. J. (1982). The quality control of medical gases, Hosp Eng 36: 18-19.

Bartlett, A. & Parry, B. (2001). Cusum analysis of trends in operative selection and conversion
rates for laparoscopic cholecystectomy, ANZ | Surg 71: 453-456.

Batson, H. C., Brown, M. & Oberstein, M. (1951). An adaptation of quality control chart
methods to bacterial vaccine potency testing, | Bacteriol 61: 407-419.

Bazot, M., Darai, E., Biau, D. J., Ballester, M. & Dessolle, L. (2010). Learning curve
of transvaginal ultrasound for the diagnosis of endometriomas assessed by the
cumulative summation test (LC-CUSUM), Fertil Steril .

Biau, D. J., Landreau, P, Graveleau, N. & Gravelau, N. (2010). Monitoring surgical
performance: an application of industrial quality process control to anterior cruciate
ligament reconstruction, Knee Surg Sports Traumatol Arthrosc 18: 1263-1268.

Biau, D. J.,, Milet, A., Thevenin, F.,, Anract, P. & Porcher, R. (2009). Monitoring surgical
performance: an application to total hip replacement, | Eval Clin Pract 15: 420-424.

Biau, D. J. & Porcher, R. (2010). A method for monitoring a process from an out of control to
an in control state: Application to the learning curve, Stat Med 29: 1900-1909.

Biau, D. J., Resche-Rigon, M., Godiris-Petit, G., Nizard, R. S. & Porcher, R. (2007). Quality
control of surgical and interventional procedures: a review of the CUSUM, Qual Saf
Health Care 16: 203-207.



Applications and Experiences of Quality Control to Surgical and Interventional Procedures 41

Biau, D. J., Williams, S. M., Schlup, M. M., Nizard, R. S. & Porcher, R. (2008). Quantitative
and individualized assessment of the learning curve using LC-CUSUM, Br | Surg
95: 925-929.

Biswas, P. & Kalbfleisch, J. D. (2008). A risk-adjusted CUSUM in continuous time based on the
Cox model, Stat Med 27: 3382-3406.

Bolsin, S. & Colson, M. (2000). The use of the Cusum technique in the assessment of trainee
competence in new procedures, Int | Qual Health Care 12: 433-438.

Boonyasai, R. T., M., W. D., Chakraborti, C., S., F. L., Rubin, H. R. & Bass, E. B. (2007).
Effectiveness of teaching quality improvement to clinicians: a systematic review.,
JAMA 298(9): 1023-1037.

Brookeman, V. A. (1978). Computers and quality control in nuclear medicine, Semin Nucl Med
8: 113-124.

Chamberlin, W. H., Lane, K. A., Kennedy, J. N., Bradley, S. D. & Rice, C. L. (1993). Monitoring
intensive care unit performance using statistical quality control charts, Int | Clin
Monit Comput 10: 155-161.

Chow, S. C. & Shao, J. (2002). A note on statistical methods for assessing therapeutic
equivalence, Control Clin Trials 23(5): 515-520.

Collett, D. (2005). Modelling Survival Data in Medical Research, New York: Chapman &
Hall/CRC.

Connolly, T. M. & Watters, D. A. (2010). Monitoring performance in thyroidectomy:
cumulative sum analysis of outcomes, Thyroid 20: 407-412.

Correa, J. B., Dellazzana, J. E., Sturm, A., Leite, D. M., de Oliveira Filho, G. R. & Xavier, R. G.
(2009). Using the Cusum curve to evaluate the training of orotracheal intubation with
the Truview EVO2 laryngoscope, Rev Bras Anestesiol 59: 321-331.

Dagash, H., Chowdhury, M. & Pierro, A. (2003). When can I be proficient in laparoscopic
surgery? A systematic review of the evidence, J. Pediatr. Surg. 38: 720-724.

de Leval, M. R, Francois, K., Bull, C., Brawn, W. & Spiegelhalter, D. (1994). Analysis
of a cluster of surgical failures. Application to a series of neonatal arterial switch
operations, | Thorac Cardiovasc Surg 107: 914-923.

de Oliveira Filho, G. R. (2002). The construction of learning curves for basic skills in
anesthetic procedures: an application for the cumulative sum method, Anesth. Analg.
95: 411-416.

Dessolle, L., Biau, D. J., de Larouziere, V., Ravel, C., Antoine, ]J. M., Darai, E. & Mandelbaum,
J. (2009). Learning curve of vitrification assessed by cumulative summation test for
learning curve (LC-CUSUM), Fertil. Steril. 92: 943-945.

Dessolle, L., Freour, T., Barriere, P, Jean, M., Ravel, C., Darai, E. & Biau, D. J. (2010). How soon
can I be proficient in embryo transfer? Lessons from the cumulative summation test
for learning curve (LC-CUSUM), Hum. Reprod. 25: 380-386.

Frisen, M. (1992). Evaluations of methods for statistical surveillance, Stat Med
11(11): 1489-1502.

Hand, R., Piontek, F., Klemka-Walden, L. & Inczauskis, D. (1994). Use of statistical control
charts to assess outcomes of medical care: pneumonia in Medicare patients, Am |
Med Sci 307: 329-334.

Hardoon, S. L., Lewsey, J. D., Gregg, P. J., Reeves, B. C. & van der Meulen, J. H. (2006).
Continuous monitoring of the performance of hip prostheses, | Bone Joint Surg Br
88: 716-720.

Hardoon, S. L., Lewsey, J. D. & van der Meulen, ]J. H. (2007). Continuous monitoring of
long-term outcomes with application to hip prostheses, Stat Med 26: 5081-5099.



42 Applications and Experiences of Quality Control

Hollinger, N. F. & Lansing, R. K. (1956). Standards, control charts, and reliability in the
determination of serum protein, Am | Med Technol 22: 365-375.

Hunter, S. J. (1986). The exponentially weighted moving average, | Qual Technol 18: 203-210.

Jones, B., Jarvis, P, Lewis, ]. A. & Ebbutt, A. F. (1996). Trials to assess equivalence: the
importance of rigorous methods, BMJ 313: 36-39.

Kestin, I. G. (1995). A statistical approach to measuring the competence of anaesthetic trainees
at practical procedures, British Journal of Anaesthesia 75(6): 805-809.

Kinsey, S. E., Giles, F. ]. & Holton, J. (1989). Cusum plotting of temperature charts for assessing
antimicrobial treatment in neutropenic patients, BMJ 299: 775-776.

Lagasse, R. S., Steinberg, E. S., Katz, R. I. & Saubermann, A. J. (1995). Defining quality of
perioperative care by statistical process control of adverse outcomes, Anesthesiology
82: 1181-1188.

Lane, S., Weeks, A., Scholefield, H. & Alfirevic, Z. (2007). Monitoring obstetricians’
performance with statistical process control charts, BJOG 114: 614-618.

Loynd, H.J. (1962). Quality control in the drug industry, | Indiana State Med Assoc 55: 236-238.

Lucas, J. & Saccucci, M. (1990). Exponentially weighted moving average control schemes:
properties and enhancements, Technometrics 32(1): 1-12.

Marshall, C., Best, N., Bottle, A. & Aylin, P. (2004). Statistical issues in the prospective
monitoring of health outcomes across multiple units, ] Roy Stat Soc A 167: 541-559.

Montgomery, D. C. (2005). Introduction to Statistical Quality Control, Fifth edition, New York:
John Wiley and Sons.

Morgan, G. J., Thomas, S., Cavill, I. & Bentley, D. P. (1987). Detection of relapse in
acute lymphoblastic leukaemia by cusum analysis of peripheral blood-count, Lancet
2:1274-1275.

Moustakides, G. V. (1986). Optimal stopping times for detecting changes in distributions, Ann
Statist 14: 1379-1387.

Naik, V.N., Devito, I. & Halpern, S. H. (2003). Cusum analysis is a useful tool to assess resident
proficiency at insertion of labour epidurals, Can | Anaesth 50: 694-698.

Nizard, R. S., Porcher, R., Ravaud, P,, Vangaver, E., Hannouche, D., Bizot, P. & Sedel, L. (2004).
Use of the Cusum technique for evaluation of a CT-based navigation system for total
knee replacement, Clin. Orthop. Relat. Res. pp. 180-188.

Novick, R. J., Fox, S. A, Stitt, L. W., Swinamer, S. A., Lehnhardt, K. R., Rayman, R. & Boyd,
W. D. (2001). Cumulative sum failure analysis of a policy change from on-pump to
off-pump coronary artery bypass grafting, Ann. Thorac. Surg. 72: S1016-1021.

Novick, R. J. & Stitt, L. W. (1999). The learning curve of an academic cardiac surgeon: use of
the CUSUM method, ] Card Surg 14: 312-320.

of Medicine, I. (2001). Crossing the quality chasm: a new health care system for the 21st century,
National academy press, Washington, DC.

Page, E. S. (1954). Continuous inspection schemes, Biometrika 41: 100-115.

Parry, B. R. & Williams, S. M. (1991). Competency and the colonoscopist: a learning curve,
Aust N Z ] Surg 61: 419-422.

Pilcher, D. V., Hoffman, T., Thomas, C., Ernest, D. & Hart, G. K. (2010). Risk-adjusted
continuous outcome monitoring with an EWMA chart: could it have detected excess
mortality among intensive care patients at Bundaberg Base Hospital?, Crit Care Resusc
12: 36-41.

Poloniecki, ., Sismanidis, C., Bland, M. & Jones, P. (2004). Retrospective cohort study of false
alarm rates associated with a series of heart operations: the case for hospital mortality
monitoring groups, BM]J 328: 375.



Applications and Experiences of Quality Control to Surgical and Interventional Procedures 43

Pribr, H. C. & Shuster, M. (1967). Improving quality control in the hospital laboratory, | Med
Soc N J 64: 213-217.

Roberts, S. W. (1959). Control chart tests based on geometric moving averages, Technometrics
42: 97-102.

Robinson, D. & Williamson, J. D. (1974). Letter: Cusum charts, Lancet 1: 317.

Rogers, C. A., Ganesh, J. S., Banner, N. R. & Bonser, R. S. (2005). Cumulative risk adjusted
monitoring of 30-day mortality after cardiothoracic transplantation: UK experience,
Eur ] Cardiothorac Surg 27: 1022-1029.

Schuepfer, G. & Johr, M. (2005). Psoas compartment block (PCB) in children: Part II-generation
of an institutional learning curve with a new technique, Paediatr Anaesth 15: 465-469.

Sego, L. H., Reynolds, M. R. & Woodall, W. H. (2009). Risk-adjusted monitoring of survival
times, Stat Med 28: 1386-1401.

Sellick, J. A. (1993). The use of statistical process control charts in hospital epidemiology, Infect
Control Hosp Epidemiol 14: 649-656.

Sharp, J. F, Cozens, N. & Robinson, L. (2003). Assessment of surgical competence in parotid
surgery using a CUSUM assessment tool, Clin Otolaryngol Allied Sci 28: 248-251.

Shewhart, W. A. (1931). Economic Control of Quality of Manufactured Products, New York: Van
Nostrand.

Sloan, D. A., Donnelly, M. B., Schwartz, R. W. & Strodel, W. E. (1995). The Objective Structured
Clinical Examination. The new gold standard for evaluating postgraduate clinical
performance, Ann. Surg. 222: 735-742.

Spiegelhalter, D., Grigg, O., Kinsman, R. & Treasure, T. (2003). Risk-adjusted sequential
probability ratio tests: applications to Bristol, Shipman and adult cardiac surgery,
Int | Qual Health Care 15: 7-13.

Steiner, S. H., Cook, R. J. & Farewell, V. T. (1999). Monitoring paired binary surgical outcomes
using cumulative sum charts, Stat Med 18: 69-86.

Steiner, S. H., Cook, R. ]., Farewell, V. T. & Treasure, T. (2000). Monitoring surgical performance
using risk-adjusted cumulative sum charts, Biostatistics 1: 441-452.

Tekkis, P. P, Fazio, V. W., Lavery, I. C., Remzi, F. H., Senagore, A. J., Wu, J. S., Strong, S. A.,
Poloneicki, J. D., Hull, T. L. & Church, J. M. (2005). Evaluation of the learning curve
in ileal pouch-anal anastomosis surgery, Ann. Surg. 241: 262-268.

Tekkis, P. P,, Senagore, A. J., Delaney, C. P. & Fazio, V. W. (2005). Evaluation of the learning
curve in laparoscopic colorectal surgery: comparison of right-sided and left-sided
resections, Ann. Surg. 242: 83-91.

The Inquiry into the management of care of children receiving complex heart surgery at the
Bristol Royal Infirmary (2001). The Report of the Public Inquiry into children’s heart
surgery at the Bristol Royal Infirmary 1984-1995, Technical report.

URL: http://www.bristol-inquiry.org.uk/

Tillett, H. E. & Spencer, I. L. (1982). Influenza surveillance in England and Wales using routine
statistics. Development of ‘cusum’ graphs to compare 12 previous winters and to
monitor the 1980/81 winter, ] Hyg (Lond) 88: 83-94.

Tsang, V. T., Brown, K. L., Synnergren, M. J., Kang, N., de Leval, M. R,, Gallivan, S. & Utley,
M. (2009). Monitoring risk-adjusted outcomes in congenital heart surgery: does the
appropriateness of a risk model change with time?, Ann. Thorac. Surg. 87: 584-587.

Van Rij, A. M., McDonald, J. R., Pettigrew, R. A., Putterill, M. ]J., Reddy, C. K. & Wright,
J. J. (1995). Cusum as an aid to early assessment of the surgical trainee, Br | Surg
82: 1500-1503.

Waid, M. E. & Hoffmann, R. G. (1955). The quality control of laboratory precision, Am ] Clin
Pathol 25: 585-594.



44 Applications and Experiences of Quality Control

Wald, A. (1945). Sequential Tests of Statistical Hypotheses, Ann Math Stat 16: 117-186.

Walters, S. & Griffin, G. E. (1986). Resolution of fever in Staphylococcus aureus
septicaemia—retrospective analysis by means of Cusum plot, | Infect 12: 57-63.

Williams, S. M., Parry, B. R. & Schlup, M. M. (1992). Quality control: an application of the
cusum, BM]J 304: 1359-1361.

Wohl, H. (1977). The cusum plot: its utility in the analysis of clinical data, N Engl | Med
296: 1044-1045.

Woodall, W. H. (1983). The distribution of the run length of one sided cusum procedures for
continuous random variables, Technometrics 25: 295-301.



4

Whole Body Composition by Hologic QDR
4500/A DXA: System Reliability versus User
Accuracy and Precision

Aldo Scafoglieri, Steven Provyn, Joanne Wallace, Olivia Louis,
Jonathan Tresignie, Ivan Bautmans, Johan De Mey and Jan Pieter Clarys
Vrije Universiteit Brussel (VUB)

Belgium

1. Introduction

Accurate and precise measurement of human tissue composition is both important and
imperative in individual health assessment. Although body composition (BC) data
acquisition and analysis are both popular and important, selecting an appropriate method
or technique for accurate and/or precise assessment of individuals and/or groups remains a
challenging task within various sectors of public health. Since 1950s and 1960s, with the
pioneer work of Keys & Brozek (1953), Forbes et al. (1956), Siri (1956), Brozek et al. (1963),
Behnke (1963), Durnin & Rahaman (1967), BC almost became a scientific discipline profiling
itself with the development of many methods, techniques, and equipments. Popular
approaches have been criticized over the years because they are subject to measurement
errors and/or violation of basic assumptions wunderlying their use such as
hydrodensitometry (Clarys et al., 2010c; Clasey et al., 1999; Elowsson et al., 1998; Heyward,
1996; Johansson et al., 1993; Prior et al., 1997) or anthropometry, e.g., skinfolds (Beddoe,
1998; Clarys et al., 1987, 2005, 2010a; Martin et al., 1985, 1992; Scafoglieri et al., 2010a) and
the universally accepted new method of choice, the dual energy X-ray absorptiometry
(DXA) (Bolotin, 1998, 2007; Bolotin & Sievanen, 2001; Bolotin et al., 2001; Clarys et al., 2010b;
Provyn et al., 2008; Scafoglieri et al., 2010c).

1.1 New gold standard for BC data acquisition?

After reviewing the literature of DXA application, one obtains a controversial impression of
this new method. On the one hand, we find an important number of validation and
application studies that support the DXA technique as convenient, as the criterion for fat
percentage, lean body mass (LBM), and bone mineral content (BMC) (Clasey et al., 1999;
Haarbo et al., 1991; Johansson et al., 1993; Prior et al., 1997; Pritchard et al., 1993). A number
of authors as mentioned in Provyn et al. (2008) suggest DXA as the gold standard for
validation of other techniques essential for the measurement of BC (Eston et al., 2005;
Poortmans et al., 2005; Salamone et al., 2000). On the other hand it needs reminded that
DXA, likewise hydrodensitometry, anthropometry, bioelectrical impedance, air, gas, and
water displacement methods, is an indirect in vivo technique for measuring BC. Validation
or even cross-validation in between indirect methods cannot guarantee both accuracy and
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reality precision. Perfect correlations and low coefficients of variation allow for good
predictions and assumptions only (Bolotin & Sievanen, 2001; Clarys et al., 2010b; Provyn et
al., 2008).

1.2 Data acquisition quality issues

Possibly the greatest problems with accuracy/precision in DXA are found with fat and lean
tissue estimates (Prentice, 1995), with its projected areal bone density (Bolotin, 2007; Bolotin
et al., 2001; Clarys et al., 2008, 2010b; Provyn et al., 2008; Scafoglieri et al., 2010c) and with
the basic confusion between overall BC terminology, e.g., fat, adipose tissue (AT), fat-free
mass (FFM), LBM, lean and AT free mass (ATFM), bone mineral density (BMD), surface and
volume density, BMC, ash weight, actual mineral content, and BMC, with or without soft
tissue (ST) covering (Clarys et al., 2010b; Martin et al., 1985; Provyn et al., 2008; Scafoglieri et
al., 2010b; Wadden & Didie, 2003). These issues give rise to concern, but the accuracy of
absorptiometry can be affected by the choice of calibrating materials. As a consequence, both
absolute and relative values can differ substantially between manufacturers, between
instruments and the ad hoc software used (Clasey et al., 1999; Prentice, 1995). Despite the
multitude of DXA validation studies and despite the related controversy of its measuring
quality, it is being reaffirmed that there have been comparatively few validation
experiments of accuracy, and precision of either bone or BC measurements by cadaver
and/or carcass analysis. More of these validations against direct values are necessary before
we can be confident about the accuracy of absorptiometry (Prentice, 1995; Clarys et al.,
2010b).

1.3 State of the art

A review of the state of the art of carcass studies related to DXA (Clarys et al., 2008, 2010b;
Scafoglieri et al., 2010c) reveals validation attempts with rhesus monkeys (Black et al., 2001),
mice (Brommage, 2003; Nagy & Clair, 2000), piglets (Chauhan et al., 2003; Elowsson et al.,
1998; Koo et al.,, 2002, 2004; Picaud et al., 1996; Pintauro et al., 1996), pigs (Lukaski et al.,
1999; Mitchell et al., 1996, 1998), pig hindlegs (Provyn et al., 2008), chickens (Mitchell et al.,
1997; Swennen et al., 2004), and with dogs and cats (Speakman et al., 2001). The majority of
these validation studies were based on chemical analysis and only a few on direct dissection
comparison. Although almost all studies indicated perfect correlations for all variables with
DXA, approximately half of the results of the various variables were found to be
significantly different. In approximately a third of these studies, DXA was suggested to be
valid and accurate for all its variables, whereas two studies indicated significant differences
and/or erroneous data at all levels and for all variables. However, two important statements
resulting from these studies are retained: (i) dissection and direct comparison combined
with bone ashing are considered the most accurate and direct validation technique
(Elowsson et al., 1998) and (ii) further research with direct dissection and ashing is needed
(Prentice, 1995), in particular, with focus on the influence of abdominal and thoracic organs
associated with dispersed gas/air pockets and internal panniculus adiposus (Provyn et al.,
2008; Clarys et al., 2010b).

1.4 Aim

Although BC measurements by DXA are increasingly used in clinical practice, no study has
been giving clarity yet about the content and meaning of “lean” as produced by DXA.
Because direct dissection is the best possible direct measure, different soft tissue
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combinations, e.g. skin, muscle, and viscera will be related to the DXA-lean variable. The
exact knowledge of what is the content of the meaning of “lean” as measured by DXA is
mandatory. In this chapter the reliability and the validity of Hologic QDR 4500/ A DXA
system will be determined based on direct in vitro measurements. A number of problems
related to DXA applications resulting from BC terminology and data acquisition will be
discussed.

2. Hologic QDR 4500/A DXA system

The DXA system is principally designed to provide information for the accurate diagnosis of
osteoporosis, but also determines whole BC. A QDR 4500/ A upgraded to Discovery Hologic
DXA device (Hologic, Waltham, MA) (Figurel) utilizes a constant X-ray source producing
fan beam dual energy radiation with effective dose equivalents (EDE) of 5uSv (e.g., to
situate this low radiation in terms of example: a one-way transatlantic flight produces
+80pSv EDE and a spinal radiograph ~700pSv EDE) (Prentice, 1995). The estimations of fat
and lean mass are based on extrapolation of the ratio of ST attenuation of two X-ray energies
in nonbone containing pixels. The two X-ray energies are produced by a tungsten stationary
anode X-ray tube pulsed alternately as 70 kilovolts (peak) (kVp) and 140 kVp. The software
(for Windows XP version 12.4.3) performs calculations of the differential attenuations of the
two photon energies and presents data of percentage of fat, fat mass (g), lean mass (g), BMC
(g), BMD (g/cm?), and total mass (g). According to the manufacturer, a coefficient of
variation for human BMD of 0.5% can be expected during repeated measurements. DXA
equipment was calibrated daily with a spine phantom (supplied by the manufacturers) to
assess stability of the measurements, but also calibrated weekly using a step phantom to
allow for correction of sources of error related to, e.g., skin thickness.

Fig. 1. Hologic QDR 4500/ A DXA system

3. System reliability of DXA

Today it is generally accepted that using different models of DXA scanners (e.g. QDR 4500
Series against QDR 1000 Series), different software versions and different scanning speeds
may reduce precision of body composition measurement (Barthe et al., 1997; Guo et al,,
2004; Litaker et al., 2003)
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Consequently the use of different DXA devices in longitudinal or multicenter studies may
lead to measurement error and bias. On the other hand quality control studies proved that
the intrainstrument, intra- and interoperator reliability for soft and rigid tissue mass
estimates is high (Bailey et al., 2001; Burkhart et al., 2009; Glickman et al., 2004; Godang et
al.,, 2010; Guo et al., 2004; Koo et al., 2002).

In order determine the reliability of the QDR 4500/A DXA system, 22 human cadavers
(seventeen males and five females, mean age + sd, 79.6 + 8.8 y; mean weight + sd, 69.589 +
13.194 kg) were scanned three times consecutively. The first two scans were taken by a
single experienced operator without repositioning the cadaver. From these data, the
intramachine (test-retest) reliability for all DXA variables was calculated (Table 1). A third
scan was taken and analyzed by a second experienced operator after repositioning the
cadaver. This allowed for the calculation of the interrater reliability for whole BC assessment
by DXA (Table 1).

The measurement results revealed no significant differences for the test-retest and between
the operators, except for total mass. With coefficients of variation ranging from 0.2% to 3.5%,
and with intraclass correlation coefficients ranging from 0.99 to 1.00 the Hologic QDR
4500/ A DXA system showed to be highly reliable for BC assessment.

Variable Reliability type d+sd P 95% LOA  CV(%) ICC
Total mass (g) Intramachine -49.70 +168.66 >0.05  +£330.6 0.2  1.000
Interrater -71.94+162.38 =0.05  £318.2 0.2  1.000

Fat (g) Intramachine -37.30+338.67 >0.05  £572.2 07 0999
Interrater -132.71+483.45 >0.05  +912.4 1.0 0.999

Fat (%) Intramachine -0.02+ 041 >0.05 +0.81 1.9 0999
Interrater 0.11£0.67 >0.05 +1.31 35 0998

Lean (g) Intramachine -10.77£29191 >0.05  +663.8 1.9 0999
Interrater 58.34 £465.48 >0.05  +947.6 35 099

BMC (g) Intramachine -1.63+37.03  >0.05 +725 1.6 0997
Interrater 2.43£50.73 >0.05 +994 24 099%

BMD (g/cm?) Intramachine 0.002+0.019 >0.05  £0.037 1.6 0992
Interrater -0.014+0.021 >0.05  +0.040 1.8 0990

Table 1. Intramachine and interrater reliability for whole body DXA variables (d = mean
difference, sd = standard deviation, P = t-test significance level, LOA = limits of agreement,
CV = coefficient of variation, ICC = intraclass correlation)

4. Validation of DXA for BC measurement

Twelve 6- to 18-month-old “Belgian Native” pigs were prepared for human consumption
and were acquired within 2-day intervals, immediately after electroshock slaughter (six
females and six castrated males, mean weight + sd, 39.509 + 4.335 kg). Special permission
was obtained from the Belgian Directorate General of Public Health, Safety of the Food
Chain and Environment, for the transport of the carcasses and for the nonremoval of
abdominal and thoracic content, which is a normal procedure in consumption matters. The
carcasses were exsanguinated and decapitated between the atlas and the occipital bone. To
minimize further dissection error, front and hindlegs were disarticulated distal from humeri
and femora, e.g., on elbow and knee levels, respectively. The mean weight + s.d. of the
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remaining carcass plus viscera was 33.051 + 3.324 kg (whole carcass weights being taken
with a digital hang scale (KERN-HUS-150K50) accurate to 50 g). The composition of the
carcasses was studied in the following order.

4.1 Dissection procedure

After the DXA measurements, the carcasses were dissected into their various components as
expressed on the tissue-system level: skin, muscle, AT, viscera, and bones (Wang et al.,
1992). Muscle included tendon, blood vessels, and nerves belonging to the actual muscle.
The subcutaneous, intramuscular (mostly intratendon), and intravisceral ATs were
combined as one tissue. Again, blood vessels and nerves within AT were attributed to AT.
Bones were carefully scraped, ligaments were added with muscle tendons to muscle tissue,
and cartilage remained part of the bone tissue. Seven expert prosectors and anatomists
worked simultaneously and each dissected particle was collected under cling film and kept
in color-labeled, continuously covered plastic containers (12 x 10 x 10 cm) of known weight
in order to minimize or eliminate evaporation (Clarys et al., 1999, 2010b; Provyn et al., 2008;
Scafoglieri et al., 2010a). Full container mass was measured during the dissection by two
researchers using Mettler Toledo digital scales (Excellence XS precision balance model
40025) accurate to 0.01 g. Once a bone was fully prepared, the same procedure was followed
but completed with its hydrostatic weight while placed in a wire cradle suspended to the
same scale allowing for the volume-based bone density (g/cm3) calculation.

4.2 Chemical fat and hydration analysis

After the dissection and multiple weighing procedures, samples of all tissues of ~100-150 g
(min-max) were deep-frozen. Small parts were cut off and weighed in recipients of known
weight before lyophilization overnight. With dried samples, the water content was
measured after storing into metal cells, and fat (lipids) extracted with technical hexane using
a Dionex accelerated solvent extractor. After the hexane evaporation of the extraction, total
(final) lipid content was determined (weighed). Part of the dissection protocol of the 12
porcine carcasses was the total defleshing of the skeleton, including the removal of
extraosseous soft tendon and ligament tissue by scraping. Cartilage and intraosseous tissue
(e.g., intervertebral discs) remained intact.

4.3 Ashing

The whole skeleton was diamond-cut into pieces in order to fit in the ashing furnace (type
Nabertherm; Nabertherm, Lilienthal, Germany). After incineration, each sample was heated
using a ramped temperature protocol of 2 hours to 800 °C and ashed for 8 hours, as
determined by prior pilot work. Before weighing on the Mettler Toledo precision scale
(accurate to 0.01 g), the ash was cooled undercover and collected in a main container. The
ashing of one full porcine skeleton took between 50 and 60 hours.

5. Validity of DXA data acquisition

Although the interpretation of DXA results is generally straightforward, it is important to be
aware of common pitfalls and to maintain rigorous quality assurance. The purpose of this
part is to compare directly and indirectly obtained data of masses and densities (e.g., of
whole body bone, adipose, and nonadipose tissue) using two different techniques and to
provide information on the terminology as used in the respective methodologies.
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5.1 Assumptions regarding data acquisition outcome

Table 2 shows an overview of terminology used per technique as applied and that are
assumed to measure the same values. Although the basic assumption of equality of
outcome and despite the different terminology used, knowledge of the ad hoc mass and
density names will create a better understanding of the respective data acquisitions (e.g.,
Table 3).

Dissection DXA Biological background
Total mass (g) Total mass (g) -
Total tissue mass (g) Total mass (g) The X of all dissected tissue masses
Adipose tissue (AT)(g) Fat (g) AT is an anatomical issue

FAT is a chemical issue (e.g. lipids)
Adipose tissue free mass Lean or lean body mass ATFM is an anatomical concept

(ATFM)(g) (LBM)(g) LBM = Fat Free Mass plus essential
lipids
Skeleton mass (g) Bone mineral content ~ Skeleton or bone mass are
(BMC)(g) morphological issues; BMC suggests the
¥ of all mineral constituents of the
skeleton
Ash weight (g) BMC (g) Ash weight = bone mass minus total
bone hydration
Skeleton density (g/cm?3) Bone mineral density ~ Volume (g/cm?3) based versus surface
(g/cm?) (g/cm?) based density

Table 2. Different terminologies assumed to measure a similar outcome (DXA = dual energy
X-ray absorptiometry)

Given the basic reasoning that the measurement of whole-body adiposity (in g or %), or
nonadipose tissue (in g) and density (in g/cm3) with different techniques using different
equipment should produce similar, if not identical results on the same individuals, cannot
be supported because of underlying assumptions, models, or approaches of the techniques
and/or equipment are different (Beddoe, 1998; Heyward, 1996; Martin et al., 2003). This can
be perfectly illustrated by the experiment on one single healthy male subject of which its %
adiposity or fatness was measured with four different techniques on the same day, e.g., with
an anthropometric formula, with dual energy X-ray absorptiometry, with bioelectrical
impedance and with hydrostatic weighing including the calculation via the Siri (1956)
formula. According to the original basic reasoning, the results of these four measures of
adiposity should be in agreement. On the contrary, one notices with an anthropometric
formula 12.5%, with DXA 17.5%, with bioelectrical impedance 21.5%, and with Siri 26.8% of
adiposity was found (Table 3).

Method Predicted whole body %fat
Anthropometry (Jackson and Pollock, 1978) 12.5
Dual energy X-ray absorptiometry 17.5
Bio-electrical Impedance Analysis 21.5
Hydrodensitometry (Siri formula) 26.8

Table 3. Predicted %fat by 4 different methods on one single male subject on the same day
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5.2 Erroneous interchangeable use of BC terminology

The reality is that one is measuring different adiposity approaches with the same confusing
terminology, e.g., % whole-body fat. Body fat (BF) is defined as the etherextractable
constituent of body tissues, and must be considered as a chemical component of the body.
This is already known since Keys and Brozek (1953). The interchangeable use of the terms
BF and AT has led and is leading still to ambiguities and serious error. Among all DXA
validation studies, only a few (Elowsson et al., 1998; Nagy & Clair, 2000) have defined the
meaning of its adiposity variables mentioning or precising as DXA fat and lean against
chemical (CHEM fat and CHEM lean).

In the Anglo-Saxon literature, in particular, the term “fat” is commonly used quantitatively
when referring to the degree of obesity of a body and with “fatness” qualitatively referring
to the appearance of the body that results from the deposition of AT (Wadden & Didie,
2003). Technically, “fat” may be defined biochemically as extractable lipid that consists of
depot lipids such as the triglycerides and free fatty acids from AT and also so-called
“essential” lipids such as structural phospholipids of cell membranes and nervous tissues,
lipids of bone marrow, and a small moiety of other lipid-based compounds. Because of the
confusion surrounding terms that are used both colloquially and technically, the terms “fat”
and “fatness” should not be used. The term “fat” used in a biochemical sense should be
replaced by the term “lipid,” and the term “fatness” will be replaced by “adiposity” when
referring to the quantity of AT in the body. ATs are masses separable by gross dissection
and includes not just lipid but also the nonlipid constituents of cells, such as water and
protein, and of course, the bulk of the subcutaneous AT and tissue surrounding organs,
viscera and variable amounts between muscles, e.g., the intramuscular AT. These
phenomena are known since 1950s and 1960s (Brozek et al., 1963) and were reinforced in
1980s by extensive direct data acquisition (Clarys & Marfell-Jones, 1986; Clarys et al., 1999).
Table 2 indicates other discrepancies, e.g., for the nonadipose terminology. ATFM is an
anatomical concept and lays in the continuation of the AT vs. FM. DXA pretends to measure
lean or LBM as opposed to FFM, which could be expected because manufacturers claim to
measure chemical components. In attempts to identify the physiologically relevant tissues,
the concept of LBM was introduced more than half a century ago (Behnke et al., 1942). This
consists of the FFM plus the essential fat specification that has varied from 2 to 10% for the
FFM. Because of its imprecise definition, this term also has led to much confusion in the
literature and is often erroneously used as a synonym for FFM. In addition to FFM and
LBM, the anatomical concept of ATFM was proposed as a normalizing approach for
interpopulation comparisons (Clarys & Martin, 1985; Clarys et al., 2010b).

5.3 Accuracy and precision of DXA data acquisition outcome

Table 4 combines the data acquisition of all directly obtained measures and the complete set
of indirect estimates made by DXA. The purpose of this Table 4 is to evaluate the predictive
quality of DXA, but also to evaluate precision and accuracy between direct and indirect
values. For a good understanding and despite the significance of a correlation found, this
study considers r 20.90 as a good, r 20.80 as a medium, and r 270 as an average (mediocre)
indicator of prediction. The t-statistics are considered as an indicator of precision or
accuracy. Significant differences are set at P < 0.05. If not significantly different with the
dissection reference, one can assume an acceptable level of measurement precision. Table 4
confirms that for almost all soft tissue (ST) comparisons, including total masses, a majority
of good correlations (r 20.90) and one medium correlation (r 20.80) was found. Despite this
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Fig. 2. Bland-Altman plots comparing adipose tissue (AT) and adipose tissue free mass
(ATFM) by dissection to dual energy X-ray absorptiometry (DXA) measures with assumed
similar outcome (BMC, bone mineral content; DISS, dissection)
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majority of good prognoses for prediction related to the dissection reference, we do find
significant differences in accuracy for total masses, adiposity (g and %) for all nonadipose ST
combinations, and for all bony comparisons except for the ashing which indicates an
acceptable precision and comparability with DXA-BMC. Agreement and disagreement of
DXA data acquisition with the dissection reference of the compared tissues and tissue
combinations are shown in Figures 2-4 with 9 Bland-Altman (1986) plots. The solid lines
indicate the mean difference deviation from zero and the dashed lines the individual
variation between £1.96 s.d.

Variable Dissectionx £sd ~ DXA x+sd r P

Total mass (g) 33051.3 +3323.8 331923 +3336.6 1.00 <0.01
Total tissue mass (g) 32723.4 +£3427.0 33192.3+3336.6 1.00 <0.001
Adipose tissue/Fat (g) 3571.6 £632.8  5653.1+934.1 0.91 <0.001
Adipose tissue/Fat (%) 10.8 +1.27 17.0+1.87 0.81 <0.001
ATFM/Lean + BMC (g) 29479.7 + 2874.7 27544.7 +2681.5 0.99 <0.001
Muscle/Lean (g) 17684.3 £ 1908.8 27103.1+2647.3 0.95 <0.001
Muscle + skin/Lean (g) 19011.1 +£2092.3 27103.1+2647.3 0.95 <0.001
Muscle + skin + viscera/Lean (g) 26476.4 +2593.8 27103.1+2647.3 0.99 <0.001
Skeleton mass/BMC (g) 2505.3 + 317.5 416+646  0.62 <0.001
Ash weight/BMC (g) 445.6 +66.2 4416+646 073 NS

Skeleton density(g/cm?)/BMD(g/cm?) 1.201 +0.02 0.782+0.09  0.68 <0.001

Table 4. Comparison between direct dissection data values with the corresponding DXA
values (DXA = dual energy X-ray absorptiometry, x = mean, sd = standard deviation, r =
Pearson correlation coefficient, P = t-test significance level, ATFM = adipose tissue free
mass, BMC = bone mineral content, NS = not significantly different)

The Bland-Altman plots confirm the findings as shown in Table 4. If we look at the mean
value level of the respective variables, there cannot be any doubt that DXA produces
anatomical-morphological quantities, evidently at all adipose and nonadipose
combinations. (Clarys et al., 2010b)

5.4 Assumptions regarding chemical tissue composition constancies

The chemical tissue composition of the dissection masses was determined according to
anatomic segmentation into upper limb, lower limb, and trunk (e.g., for skin, muscle, and
bone). For AT, additional differentiation was made for subcutaneous (e.g., external) and
visceral (e.g., internal) trunk AT. For each segment, the water content and the fat (e.g., lipid)
content was determined for the respective tissues and presented as % of the studied mass
per tissue in Table 5.

With the confounding effect of the high variability of AT removed, the composition of the
ATFM shows smaller deviations of its components and smaller differences between males
and females than when body mass is used as a reference (Martin & Drinkwater, 1991).
Conversion from FFM to LBM and/or to ATFM is susceptible to significant error because
we are dealing with two totally different models. In addition, DXA does not take into
account the water content and lipid content variations (Table 4) of both its adipose and
nonadipose constituents. Small variation of tissue hydration may explain important
differences of ad hoc estimates (Prior et al., 1997; Wang et al., 1999, 1995). In DXA, and other
newer technologies (Muller et al., 2003), body fat is calculated on the constancy assumption
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that ~73% of LBM (e.g., lean or lean + BMC) is water (31). This assumed constancy of
hydration, e.g., the observed ratio of total body water to FFM was confirmed in humans by
Wang ef al. (1999). However, this assumption is subject to some questions that highlight the
need for more research on the matter. Viewing tissue water content obtained by
lyophilization in several human tissue studies, one can make two observations: (i) assuming
a constant % of water in FFM may be jeopardized by the variable tissue water content
within and between the tissues that compose FFM; and (ii) water content in AT is highly
variable, e.g., ranging from £17% to +50% in humans (Table 6) (Provyn et al., 2008; Clarys et
al., 2010b).

Tissue Segment Water content(%) xtsd ~ Lipid content(%) x+sd r
Skin Up limb 61.0+8.6 46+6.0 -0.73
Lo limb 60.7 £4.9 43+14 -0.55
Trunk 50.1+£9.3 102+74 -0.20
Adipose  Subcut Up limb 472+70 15.0+£7.0 -0.72
Subcut Lo limb 472+6.6 15.6 £6.9 -0.84*
SubcutTrunk 21.0+5.3 29.0+7.3 -0.16
Visceral Trunk 50.1 £10.6 19.0£6.7 -0.70
Muscle Up limb 754+14 14+1.0 - 0.86*
Lo limb 745127 31+£32 0.16
Trunk 73.8+39 3723 -0.70
Bone Up limb 39.0+8.2 109+27 -0.84*
Lolimb 39.5+8.1 9.8+£1.9 -0.71
Trunk 494+24 7.7+33 -0.20

Table 5. Water (lyophilization) and lipid (ether extraction) content of different tissues and
relationship (x = mean, sd = standard deviation, r = Pearson correlation coefficient, Up =
upper, Lo = lower, Subcut = subcutaneous, *P<0.01) (Clarys et al., 2010b)

Muscle Skin Viscera Bone AT
Forbes & Lewis (1956) (n=2) 1)67.5 53.7 734 268 26.2
2)68.2 51.8 72.0 31.6 18.3

Mitchell et al. (1945) (n=1) 795 64.7 766 318  50.1
Cooper et al. (1956) (n=2) 1)689 535 73.7 302 168

2)773 725 778 395 839
Forbes et al. (1953) (n=1) 701 57.7 733 282 230
Clarys et al. (1999) (n=6) 708 632 791 - 216

Table 6. Water content (%) of lean and adipose tissue masses in humans (lyophilisation) (AT
= adipose tissue)

This is confirmed in this study on animal corpses with % whole-body water content ranging
from +20 to #50% (Table 5) repeating that the constancies claimed by DXA cannot be
maintained (e.g., with fluid ranging between +50 and +61% for skin, between 39 and +49%
for bone, but little variability for muscle). Because no total tissue lipid extraction was carried
out because technical circumstances allowed sample fractionation only, lipid content is
expressed as % of the measured sample mass. From sample masses being identical for
hydration and lipid fractionation (Table 5), we learn that lipid content of tissues is variably
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related to its ad hoc fluid content, but if the extremities are considered separately, one
notices an apparent constancy both in hydration and lipid fractionation. The fact that all
trunk tissue data (e.g., in skin AT, muscle, and bone) deviate both, but nonsystematically in
hydration and lipid content from the upper and lower extremities indicate the importance of
the trunk as discriminating segment and the associated abdominal/metabolic syndrome
theories. As Elowsson et al. (1998) and Provyn et al. (2008) were previously evaluating the
accuracy of DXA with dissection in animals, both studies motivated the choice of using
plain carcasses (decapitated pigs without abdominal and thoracic organs) or just hindlegs to
minimize various errors. According to Elowsson ef al. (1998), with DXA this would
marginally increase DXA’s underestimation. This can no longer be supported; on the
contrary, not measuring the internal trunk will just increase the error because of an
assumption of segment constancy of hydration and ad hoc lipid fractionation. Wang et al.
(1999) examined in vitro and in vivo studies allowing a review and critical appraisal of the
importance of hydration of FFM and confirming the findings of Provyn et al. (2008). They
conclude that, even though methodological limitations preclude a highly accurate analysis,
adult mammals, including humans, share in common, a relatively constant hydration of
FFM. The segmental data presented in Table 5 within a four-component dissection model
dismisses the idea of constant hydration of FFM. In addition, the assumed ad hoc constancy
of 0.73 cannot be retained. The question whether the hydration status of FFM, LBM, or
ATFM reflects physiologic regulatory mechanisms (Going et al., 1993; Wang et al., 2005)
cannot be answered, but it seems that trunk nonadipose tissues may affect hydration
differently than the lean tissues of the extremities or vice versa (Table 5). (Clarys et al, 2010b)

5.6 What does DXA measure?

Regardless of the existing mechanisms and regardless of the hydration and lipid (fat)
content of nonadipose tissue, this study has not been able to detect what the content is of the
DXA nonadipose variables, e.g., “lean” and/or “lean + BMC.” We still do not know what
DXA is exactly measuring under these ad hoc headings. “Lean” compared with muscle
tissue, with muscle plus skin tissue, and with muscle plus skin plus viscera (dissection)
resulted in equally high correlations (r values between 0.95 and 0.99) assuming a good
prediction estimate but with systematic significant difference confirming its imprecision,
“lean plus BMC” is certainly not measuring ATFM (e.g., skin + muscle + viscera + bone),
although its high r = 0.99, but again with a significant difference (P < 0.001) indicating a lack
of precision and accuracy. Contrary to Bloebaum et al. (2006), but in agreement with Louis et
al. (1992), BMC seems a good estimate (r = 0.73) with no significant difference of its ash
weight. The impression is given, however, that DXA nonadipose values are expressed as
anatomical-morphological values combined with chemical elements. This study cannot
confirm what the nonadipose component of DXA is measuring, but it does confirm that all
the DXA components are subject not only to measurement error but also to terminology
error and violation of basic assumptions. It is known since many decennia that density in its
weight/volume quantification (g/cm3) can be considered as an additional and separate
dimension of BC. The DXA-derived BMD, however, is a weight/surface quantification
(g/cm?) and therefore not a true density, nor the density based on which indication of
osteoporosis classifications were studied in the past (Bolotin, 1998, 2007; Bolotin & Sievanen,
2001; Bolotin et al., 2001; Lochmuller et al., 2000). In a pilot (dissection) study using porcine
hindlegs in which DXA BMD was compared with bone covered with muscle, AT, and skin
tissue, and compared with scraped bones only (Clarys et al., 2008; Provyn et al., 2008), it was
found that DXA BMD underestimates true density with more than 40%. In this study (Table
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4), under whole-body conditions, one notices a similar level of high underestimation of DXA
but with a better correlation, e.g., r = 0.68 for the whole-body value against r = 0.39 for the
hindleg study. The extensive work done by Bolotin (2007) shows DXA-measured BMD
methodology (in vivo) to be an intrinsically flawed and misleading indicator of bone mineral
status and an erroneous gauge of relative fracture risk. The transfer of their findings to the in
situ carcass situation of this study confirms that the DXA methodology cannot provide
accurate, quantitatively precise, meaningful determinations of true bone densities and
proper bone mass because of the contamination of independent ST, e.g., fluid and lipid
content contributions. (Clarys et al., 2010b)

6. Conclusions

The majority of present consensual acceptance and understanding of the DXA estimate
quality rests solely upon a number of well-established, multiconfirmed, in vivo and in situ
significant high correlations. In terms of true “reality precision” measures, DXA produces
inaccurate and misleading values at all levels of its output. Both the adipose and nonadipose
components of DXA ignore the ad hoc lipid content, and the nonadipose variables do not
take into account the true composing tissues. Lean and lean + BMC of DXA do not
correspond to anatomical-morphological tissue combinations, nor to chemical values. It
cannot be determined what DXA really measures. Bone mineral content versus ash weight is
the single variable with a close reality and nonsignificant difference output. DXA is based
on a series of constancies within tissues, regardless of segments, hydration, and lipid
content variability. These results suggest that clinical precision essential in individual
diagnosis of health status is at risk. Erroneous terminology, constancy assumptions related
to hydration and lipid distribution, and two-dimensional data acquisition principles are the
major causes of these problems. The hypothesis that DXA methodology provides accurate,
precise, and relevant BC determinations is proven to be unwarranted and misplaced.

7. References

Bailey, B.W.; Tucker, L.A.; Peterson, T.R. & LeCheminant, ].D. (2001). Test-retest reliability
of body fat percentage results using dual energy X-ray absorptiometry and the Bod
Pod. Med Sci Sports Exerc, 33,174.

Barthe, N.; Braillon, P.; Ducassou, D. & Basse-Cathalinat, B. (1997). Comparison of two
Hologic DXA systems (QDR 1000 and QDR 4500/ A). Brit ] Radiol, 70, 728-739.

Beddoe, A.H. (1998). Body fat: estimation or guesstimation? Appl Radiat Isot, 49(5-6), 461-463.

Behnke, A.J.; Feen, B. & Welham, W. (1942). The specific gravity of healthy men. Body
weight divided by volume as an index of obesity. | Am Med Assoc, 118, 495-498.

Behnke, A.R. (1963). Anthropometric evaluation of body composition throughout life. Ann
N'Y Acad Sci, 110, 450-464.

Black, A.; Tilmont, EM.; Baer, D.J.; Rumpler, W.V_; Ingram, D.K,; Roth, G.S. & Lane, M.A.
(2001). Accuracy and precision of dual-energy X-ray absorptiometry for body
composition measurements in rhesus monkeys. | Med Primatol, 30(2), 94-99.

Bland, ].M. & Altman, D.G. (1986). Statistical methods for assessing agreement between two
methods of clinical measurement. Lancet, 1, 307-310.

Bloebaum, R.D.; Liau, D.W.; Lester, D.K. & Rosenbaum, T.G. (2006). Dual-energy x-ray
absorptiometry measurement and accuracy of bone mineral after unilateral total
hip arthroplasty. | Arthroplasty, 21(4), 612-622.



Whole Body Composition by Hologic QDR 4500/A DXA: System Reliability
versus User Accuracy and Precision 59

Bolotin, H.H. & Sievanen, H. (2001). Inaccuracies inherent in dual-energy X-ray absorptiometry
in vivo bone mineral density can seriously mislead diagnostic/prognostic
interpretations of patient-specific bone fragility. | Bone Miner Res, 16(5), 799-805.

Bolotin, H.H. (1998). A new perspective on the causal influence of soft tissue composition on
DXA-measured in vivo bone mineral density. ] Bone Miner Res, 13(11), 1739-1746.

Bolotin, H.H. (2007). DXA in vivo BMD methodology: an erroneous and misleading research
and clinical gauge of bone mineral status, bone fragility, and bone remodelling.
Bone, 41(1), 138-154.

Bolotin, H.H.; Sievanen, H.; Grashuis, J.L.; Kuiper, ] W. & Jarvinen, T.L. (2001). Inaccuracies
inherent in patient-specific dual-energy X-ray absorptiometry bone mineral density
measurements: comprehensive phantom-based evaluation. ] Bone Miner Res, 16(2),
417-426.

Brommage, R. (2003). Validation and calibration of DEXA body composition in mice. Am |
Physiol Endocrinol Metab, 285(3), E454-459.

Brozek, ].; Grande, F.; Anderson, ].T. & Keys, A. (1963). Densitometric analysis of body
composition: Revision of some quantitative assumptions. Ann N Y Acad Sci, 110,
113-140.

Burkhart, T.A.; Arthurs, K.L. & Andrews (2009). Manual segmentation of DXA scan images
results in reliable upper and lower extremity soft and rigid tissue mass estimates. |
Biomech, 42, 1138-1142.

Chauhan, S.; Koo, W.W.; Hammami, M. & Hockman, E.M. (2003). Fan beam dual energy X-
ray absorptiometry body composition measurements in piglets. | Am Coll Nutr,
22(5), 408-414.

Clarys, J.P. & Martin, A. (1985). The concept of the adipose tissue-free mass. In Norgan, N.
(Ed.), Human body composition and fat distribution., pp. 49-61, Wageningen:
Wageningen Agricultural University.

Clarys, J.P. & Marfell-Jones, M.]. (1986). Anthropometric prediction of component tissue
masses in the minor limb segments of the human body. Hum Biol, 58, 761-769.

Clarys, J.P.; Martin, A.D.; Drinkwater, D.T. & Marfell-Jones, M.]. (1987). The skinfold: myth
and reality. | Sports Sci, 5(1), 3-33.

Clarys, ].P.; Martin, A.D.; Marfell-Jones, M.].; Janssens, V.; Caboor, D. & Drinkwater, D.T.
(1999). Human body composition: A review of adult dissection data. Am | Hum Biol,
11(2), 167-174.

Clarys, ]J.P.; Martin, A.D.; Marfell-Jones, M.].; Janssens, V.; Caboor, D. & Drinkwater, D.T.
(1999). Human body composition: A review of adult dissection data. Am | Hum Biol,
11(2), 167-174.

Clarys, ].P.; Provyn, S. & Marfell-Jones, M.]. (2005). Cadaver studies and their impact on the
understanding of human adiposity. Ergonomics, 48(11-14), 1445-1461.

Clarys, ].P.; Provyn, S.; Wallace, J.; Scafoglieri, A. & Reilly, T. (2008). Quality control of fan
beam scanning data processing with in vitro material., In: Transactions of 2008 IEEE
International Conference on Industrial Engineering and Engineering Management
(IEEM), Singapore.

Clarys, J.P.; Scafoglieri, A.; Provyn, S. & Bautmans, 1. (2010a). Body Mass Index as a measure
of bone mass. | Sports Med Phys Fitness, 50:202-206.

Clarys, ].P.; Scafoglieri, A.; Provyn, S.; Louis, O.; Wallace ].A. & De Mey, ]. (2010b). A macro-
quality evaluation of DXA variables using whole dissection, ashing, and computer
tomography in pigs. Obesity, 18, 1477-1485.



60 Applications and Experiences of Quality Control

Clarys, ].P.; Scafoglieri, A.; Provyn, S.; Sesbotié, B. & Van Roy, P. (2010c). The hazards of
hydrodensitometry. | Sports Med Phys Fitness, 0(0), 000-000.

Clasey, J.L.; Kanaley, J.A,; Wideman, L.; Heymsfield, S.B.; Teates, C.D.; Gutgesell, M.E,;
Thorner, M.O.; Hartman, M.L. & Weltman, A. (1999). Validity of methods of body
composition assessment in young and older men and women. | Appl Physiol, 86(5),
1728-1738.

Cooper, A.R.; Forbes, RM. & Mitchell, H.H. (1956). Further studies on the gross composition
and mineral elements of the adult human body. | Biol Chem, 223(2), 969-975.

Durnin, J.V. & Rahaman, M.M. (1967). The assessment of the amount of fat in the human
body from measurements of skinfold thickness. Br | Nutr, 21(3), 681-689.

Elowsson, P.; Forslund, A.H.; Mallmin, H.; Feuk, U.; Hansson, I. & Carlsten, J. (1998). An
evaluation of dual-energy X-Ray absorptiometry and underwater weighing to
estimate body composition by means of carcass analysis in piglets. | Nutr, 128(9),
1543-1549.

Eston, R.G.; Rowlands, A.V.; Charlesworth, S.; Davies, A. & Hoppitt, T. (2005). Prediction of
DXA-determined whole body fat from skinfolds: importance of including skinfolds
from the thigh and calf in young, healthy men and women. Eur | Clin Nutr, 59(5),
695-702.

Forbes, G.B. & Lewis, A.M. (1956). Total sodium, potassium and chloride in adult man. |
Clin Invest, 35(6), 596-600.

Forbes, R.M.; Cooper, A.R. & Mitchell, H.H. (1953). The composition of the adult human
body as determined by chemical analysis. | Biol Chem, 203(1), 359-366.

Forbes, R.M.; Mitchell, H.H. & Cooper, A.R. (1956). Further studies on the gross composition
and mineral elements of the adult human body. | Biol Chem, 223(2), 969-975.
Glickman, S.G.; Marn, C.S.; Supiano, M.A. & Dengel, D.R. (2004). Validity and reliability of
dual-energy X-ray absorptiometry for the assessment of abdominal adiposity. |

Appl Physiol, 97, 509-514.

Godang, K.; Qvigstad, E.; Voldner N.; Isaksen, G.A.; Froslie, K.F.; Notthellen, J.; Henriksen,
T. & Bollerslev, J. (2010). Assessing body composition in healthy newborn infants:
reliability of dual-energy x-ray absorptiometry. | Clin Densitom, 13, 151-160.

Going, S.B.; Massett, M.P.; Hall, M.C.; Bare, L.A.; Root, P.A.; Williams, D.P. & Lohman, T.G.
(1993). Detection of small changes in body composition by dual-energy x-ray
absorptiometry. Am | Clin Nutr, 57(6), 845-850.

Guo, Y.; Franks, P.W.; Bookshire, T. & Tataranni P.A. (2004). The intra-and inter-instrument
reliability of DXA based on ex vivo soft tissue measurements. Obes Res, 12, 1925-
1929.

Haarbo, J.; Gotfredsen, A.; Hassager, C. & Christiansen, C. (1991). Validation of body
composition by dual energy X-ray absorptiometry (DEXA). Clin Physiol, 11(4), 331-
341.

Heyward, V.H. (1996). Evaluation of body composition. Current issues. Sports Med, 22(3),
146-156.

Johansson, A.G,; Forslund, A ; Sjodin, A.; Mallmin, H.; Hambraeus, L. & Ljunghall, S. (1993).
Determination of body composition--a comparison of dual-energy x-ray
absorptiometry and hydrodensitometry. Am | Clin Nutr, 57(3), 323-326.

Keys, A. & Brozek, J. (1953). Body fat in adult man. Physiol Rev, 33(3), 245-325.

Koo, WW.; Hammami, M. & Hockman, E.-M. (2002). Use of fan beam dual energy x-ray
absorptiometry to measure body composition of piglets. ] Nutr, 132(6), 1380-1383.



Whole Body Composition by Hologic QDR 4500/A DXA: System Reliability
versus User Accuracy and Precision 61

Koo, WW.; Hammami, M. & Hockman, E.M. (2004). Validation of bone mass and body
composition measurements in small subjects with pencil beam dual energy X-ray
absorptiometry. | Am Coll Nutr, 23(1), 79-84.

Litaker, M.S.; Barbeau P.; Humphries, M.C. & Gutin, B. (2003). Comparison of Hologic QDR-
1000/ W and 4500W DXA scanners in 13-to18-year olds. Obes Res, 11, 1545-1552.

Lochmuller, E.M.; Miller, P.; Burklein, D.; Wehr, U.; Rambeck, W. & Eckstein, F. (2000). In
situ femoral dual-energy X-ray absorptiometry related to ash weight, bone size and
density, and its relationship with mechanical failure loads of the proximal femur.
Osteoporos Int, 11(4), 361-367.

Louis, O.; Van den Winkel, P.; Covens, P.; Schoutens, A. & Osteaux, M. (1992). Dual-energy X-ray
absorptiometry of lumbar vertebrae: relative contribution of body and posterior
elements and accuracy in relation with neutron activation analysis. Bone, 13(4), 317-320.

Lukaski, H.C.; Marchello, M.].; Hall, C.B.; Schafer, D.M. & Siders, W.A. (1999). Soft tissue
composition of pigs measured with dual x-ray absorptiometry: comparison with
chemical analyses and effects of carcass thicknesses. Nutrition, 15(9), 697-703.

Martin, A.D. & Drinkwater, D.T. (1991). Variability in the measures of body fat.
Assumptions or technique? Sports Med, 11(5), 277-288.

Martin, A.D.; Drinkwater, D.T.; Clarys, J.P.; Daniel, M. & Ross, W.D. (1992). Effects of skin
thickness and skinfold compressibility on skinfold thickness measurement. Am |
Hum Biol, 4, 453-460.

Martin, A.D.; Janssens, V.; Caboor, D.; Clarys, J.P. & Marfell-Jones, M.J. (2003b).
Relationships between visceral, trunk and whole-body adipose tissue weights by
cadaver dissection. Ann Hum Biol, 30(6), 668-677.

Martin, A.D.; Ross, W.D.; Drinkwater, D.T. & Clarys, J.P. (1985). Prediction of body fat by
skinfold caliper: assumptions and cadaver evidence. Int ] Obes, 9 Suppl 1, 31-39.

Mitchell, A.D.; Rosebrough, RW. & Conway, ].M. (1997). Body composition analysis of
chickens by dual energy x-ray absorptiometry. Poult Sci, 76(12), 1746-1752.

Mitchell, A.D.; Scholz, AM.; Pursel, V.G. & Evock-Clover, C.M. (1998). Composition
analysis of pork carcasses by dual-energy x-ray absorptiometry. | Anim Sci, 76(8),
2104-2114.

Mitchell, H.H.; Hamilton, T.S; Steggerda, F.R. & Bean, HW. (1945). The chemical
composition of the adult body and its bearing on the biochemistry of growth
Journal of Biology and Chemistry, 158, 625-637.

Miiller, M.J.; Bosy-Westphal, A.; Kutzner, D. & Heller, M. (2003). Metabolically active
components of fat free mass (FFM) and resting energy expenditure (REE) in
humans. Forum Nutr, 56, 301-303.

Nagy, T.R. & Clair, A.L. (2000). Precision and accuracy of dual-energy X-ray absorptiometry
for determining in vivo body composition of mice. Obes Res, 8(5), 392-398.

Picaud, J.C,; Rigo, J.; Nyamugabo, K.; Milet, J. & Senterre, J. (1996). Evaluation of dual-
energy X-ray absorptiometry for body-composition assessment in piglets and term
human neonates. Am | Clin Nutr, 63(2), 157-163.

Pintauro, S.J.; Nagy, T.R,; Duthie, CM. & Goran, M.I. (1996). Cross-calibration of fat and
lean measurements by dual-energy X-ray absorptiometry to pig carcass analysis in
the pediatric body weight range. Am | Clin Nutr, 63(3), 293-298.

Poortmans, J.R.; Boisseau, N.; Moraine, ].J; Moreno-Reyes, R. & Goldman, S. (2005).
Estimation of total-body skeletal muscle mass in children and adolescents. Med Sci
Sports Exerc, 37(2), 316-322.



62 Applications and Experiences of Quality Control

Prentice, A. (1995). Application of dual-energy X-ray absorptiometry and related techniques
to the assessment of bone and body composition. In Davis, P.S.W. & Cole, T.J.
(Eds.), Body composition techniques in health and disease., pp. 1-13, New York:
Cambridge University Press.

Prior, B.M.; Cureton, K.J.; Modlesky, C.M.; Evans, E.M.; Sloniger, M.A.; Saunders, M. &
Lewis, R.D. (1997). In vivo validation of whole body composition estimates from
dual-energy X-ray absorptiometry. ] Appl Physiol, 83(2), 623-630.

Pritchard, J.E.; Nowson, C.A.; Strauss, B.].; Carlson, J.S.; Kaymakci, B. & Wark, J.D. (1993).
Evaluation of dual energy X-ray absorptiometry as a method of measurement of
body fat. Eur | Clin Nutr, 47(3), 216-228.

Provyn, S.; Clarys, J.P.; Wallace, J.; Scafoglieri, A. & Reilly, T. (2008). Quality control,
accuracy, and prediction capacity of dual energy X-ray absorptiometry variables
and data acquisition. | Physiol Anthropol, 27(6), 317-323.

Salamone, L.M.; Fuerst, T.; Visser, M.; Kern, M.; Lang, T.; Dockrell, M.; Cauley, J.A.; Nevitt,
M.,; Tylavsky, F. & Lohman, T.G. (2000). Measurement of fat mass using DEXA: a
validation study in elderly adults. ] Appl Physiol, 89(1), 345-352.

Scafoglieri, A.; Provyn, S, Bautmans, I; Van Roy, P. & Clarys, J.P. (2010a). Direct
relationship of body mass index and waist circumference with tissue distribution in
elderly persons. [NHA, 14:000-000.

Scafoglieri, A.; Provyn, S.; Bautmans, I.; Wallace, J.; Sutton, L.; Tresignie, J.; Louis, O.; De
Mey, ]J. & Clarys, J.P. (2010b). Critical appraisal of data acquisition in body
composition: evaluation of methods, techniques and technologies on the anatomical
tissue-level system. In: Data Acquisition, pp. 000-000.

Scafoglieri, A.; Provyn, S.; Louis, O.; Wallace, J.A.; De Mey, J. & Clarys, ]J.P. (2010c). A
macro-quality field control of dual energy X-ray absorptiometry with anatomical,
chemical and computed tomographical variables. IFMBE Proceedings, 1, Volume 29,
Part 3, pp. 549-553.

Siri, W.E. (1956). The gross composition of the body. Adv Biol Med Phys, 4, 239-280.

Speakman, J.R,; Booles, D. & Butterwick, R. (2001). Validation of dual energy X-ray
absorptiometry (DXA) by comparison with chemical analysis of dogs and cats. Int |
Obes Relat Metab Disord, 25(3), 439-447.

Swennen, Q.; Janssens, G.P.; Geers, R.; Decuypere, E. & Buyse, J. (2004). Validation of dual-
energy x-ray absorptiometry for determining in vivo body composition of chickens.
Poult Sci, 83(8), 1348-1357.

Wadden, T.A. & Didie, E. (2003). What's in a name? Patients' preferred terms for describing
obesity. Obes Res, 11(9), 1140-1146.

Wang, M.C.; Bachrach, L.K.; Van Loan, M.; Hudes, M.; Flegal, KM. & Crawford, P.B. (2005).
The relative contributions of lean tissue mass and fat mass to bone density in young
women. Bone, 37(4), 474-481.

Wang, Z.; Deurenberg, P.; Wang, W.; Pietrobelli, A.; Baumgartner, R.N. & Heymsfield, S.B.
(1999). Hydration of fat-free body mass: review and critique of a classic body-
composition constant. Am | Clin Nutr, 69(5), 833-841.

Wang, Z.M.; Heshka, S.; Pierson, R.N., Jr. & Heymsfield, S.B. (1995). Systematic organization
of body-composition methodology: an overview with emphasis on component-
based methods. Am | Clin Nutr, 61(3), 457-465.

Wang, Z.M.; Pierson, R.N., Jr. & Heymsfield, S.B. (1992). The five-level model: a new
approach to organizing body-composition research. Am | Clin Nutr, 56(1), 19-28.



5

Quality Control in Endoscopy Unit:
Safety Considerations for the Patient

Jean-Francois Rey

Institut Arnault Tzanck
Hepato-Gastroenterology Department
06721 St Laurent du Var Cedex
France

1. Introduction

Safe endoscopic procedures have been a daily concern in every endoscopy unit since the
early eighties. At first range, prevention of crossed contamination was the primary goal for
endoscopy units’ director. But, step after step, all parts of endoscopy procedures have to be
monitored and the use of protocols is now mandatory. In this chapter, we will review:
patient information and protocol of all endoscopy related procedures, check list in
endoscopic theatre, control in endoscope maintenance and the importance of audit in
endoscopy unit.

2. Patient information

In the last decade, patient information has been a very hot topic in case of complications
issues. In some countries, it is the most important point in case of malpractice. The
relationship between practitioners and patients has changed and the paternalist time is
behind us. Patients are well informed, perhaps too much in some cases, through multiple
media and mainly Internet.
Patient information is linked very closely with oral and written information. As proved by
(Felley et al., 2008) in a randomized trial between combined written and oral information
prior to a gastrointestinal endoscopy versus oral information alone. Written and oral is
better than oral only. Written information should develop: preparation of the procedure,
expectations and risks. It is important to rely on this issue on national endoscopy and
gastroenterology scientific societies. The leaflets are written with accuracy and caution but is
will be a mistake to handle it to the patient without oral comments, sometimes asking him to
sign by a staff nurse. Oral information has to be adapted to the patient level of knowledge,
language and culture; it is sometimes difficult. A letter to the patients’ general practitioner
is a wise mean to complete patient information and it is a proof in the practitioner file.
The content of information should deal with the following points:
e  Pre-procedural considerations:

e  Comorbidity, body habitus (mobility, airway)

e  Anticoagulation and antiplatelet therapy
e Specific considerations for ERCP
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¢ Radiation with events relying to pregnancy
e Complications
e  For colonoscopy, considerations have to be underlined on:

e Bowel preparation

e Cardiac and renal functions with issue related to the preparation in case of colonic
lavage

e  Post procedure informations are mandatory:

e Drowsiness: driving, operating machine, complete stases,

e Side effects and complications: chest pain, bleeding, vomiting, breathless,
abdominal pain or fever. In case of any discomfort or complications, how the
patient could contact the endoscopy unit or emergency department and bring the
suitable endoscopy report.

e  Follow-up appointment

e  Recommencing if necessary, anticoagulation and antiplatelet therapy.

For more risky procedures as ERCP and therapeutic biliary pancreatic endoscopy, ASGE
makes a detailed recommendation (Table 1). If variances occur outside of these
recommendations, careful medical justification should be recorded.

A. Jaundice thought to be the result of biliary obstruction
B. Clinical and biochemical or imaging data suggestive of pancreatic or biliary tract disease
C. Signs or symptoms suggesting pancreatic malignancy when direct imaging results are
equivocal or normal
D. Pancreatitis of unknown etiology
E. Preoperative evaluation of chronic pancreatitis or pancreatic pseudocyst
F. Sphincter of Oddi manometry
G. Endoscopic sphincterotomy
1. Choledocholithiasis
2. Papillary stenosis or sphincter of Oddi dysfunction causing disability
3. Facilitate biliary stent placement or balloon dilatation
4. Sump syndrome
5. Choledochocele
6. Ampullary carcinoma in poor surgical candidates
7. Access to pancreatic duct
O. Stent placement across benign or malignant strictures, fistulae, postoperative bile leak, or|
large common bile duct stones
P. Balloon dilatation of ductal strictures
Q. Nasobiliary drain placement
R. Pseudocyst drainage in appropriate cases
S. Tissue sampling from pancreatic or bile ducts
T. Pancreatic therapeutics

'VARIANCE REQUIRES JUSTIFICATION

Table 1. ASGE recommendation (Indications for ERCP)
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Finally all informations could be related in a consent form which deals with multiple issues.

(Bottrell et al., 2000) underlining the main questions:

e  What are the local legal requirements? This topic is highly variable to one country to
another.

e  Ethical requirements

e  Physicians-Patients relationships

All elements related to the procedure has to be recorded (Elfant et al.,1995):

e  Nature of the procedure and its handling.

e  Procedure benefits: treat bleeding, identify source of bleeding, pain, discomfort,
diagnosis, remove polyps, inserting stents.

e Procedure related risks: bleeding, infection, perforation, cardiopulmonary, allergy.

e Alternatives with disadvantages versus advantages. Do we have an alternative
treatment?

Ideally, this information and consent form request have to be carried on days before

procedure. The patient should have time to read, understand and make its mind. (Song et

al., 2010) has recently published an inquiry on the benefit of the informed consent (Table 2).

Did you think that the informed consent was a useful and necessary

procedure? 74 (6549)

What did you think was the main objective of the informed consent

procedure?
. Improving a patients” understanding 62 (54.87)
. Evidence of understanding and mutual agreement 54 (47.79)
. Protection of the legal rights of the doctors 26 (23.01)
. Senseless formality 4 (3.54)

Table 2. Informed Consent (Song et al., 2010)

3. Protocols

Written protocols have to be implemented in each endoscopy unit. It is the last way to keep
high standard in a daily routine whatever the procedure is carried out by a senior or a junior
endoscopist (Naylor et al., 2003; Faigel et al., 2006). In most of the cases, written protocols
are issued from national or international guidelines but adapted to the local situation.
Protocol means program for the systematic monitoring and evaluation of the various aspects
of a project, service or facility to ensure that standards of quality are being met. The
program for quality assurance has been described by (O’'Mahony et al., 2000) with the
following topics:

1. Improve the overall quality of care

Limit inappropriate procedures

Limit morbidity and mortality

Improve training in endoscopy

Limit patient complaints and litigation

Contain costs

All of the above

NGk @N
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In building your protocol, you should identify quality, indicators, members of your
team and how to build the process. This lead to raise multiple questions (O'Mahony et al.,
2000):

How to set it up so that it works in everyday practice?

What information do we need to collect and how should we analyse it?

How much will it cost, who will pay for it?

How do we set quality standards?

How do we deal with underperforming doctors?

Some are obvious as how to use properly and set adequately an electrosurgical unit in
relation with the device (Rey et al., 2010). For therapeutic endoscopy a closed monitoring of
patient coagulation is also mandatory as old patients are often treated with anticoagulation
drugs or even more dangerous some very effective antiplatelet drug such as Clopidogrel.
Condition risk for thromboembolic has been described by a national society (ASGE, 2009),
(Table 3) as the embolism risk after a brief interruption of anticoagulation (Veitch et al.,
2008), (Table 4). But we have to accept various recommendations for the same topic if
guidelines have been designed by cardiology or gastroenterology scientific societies.
Antibio-prophylaxy protocol has to be designed in requirements of national
recommendations and adapted with a better knowledge of patient condition. Level of
competency for endoscopists practitioners is also variable from one country to another as
reminded by (Faigel et al., 2009), (Table 5).

Ol L=

Higher-risk condition Low-risk condition Low-risk condition

- Atrial fibrillation associated with valvular
heart disease, prosthetic valves, active
congestive heart failure, left ventricular - Uncomplicated or paroxysmal
ejection fraction <35%, a history of a nonvalvular atrial fibrillation
thromboembolic event, hypertension,
diabetes mellitus, or age >75y

- Mechanical valve in the mitral position - Bioprosthetic valve

- Mechanical valve in any position and

previous thromboembolic event - Mechanical valve in the aortic position

- Recently (<1 y) placed coronary stent

- Acute coronary syndrome - Deep vein thrombosis

- Non stented percutaneous coronary
intervention after myocardial infarction

Table 3. Condition risk for thromboembolic event (ASGE Standards of Practice Committee,
2009)
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High risk Low risk

- VTE, embolic stroke <12 wk ago - DVT/PE 212 wk ago

- AF with valvular HD - NV AF, no CCF/embolism
- Me'charucal mitral/ multiple valves, - Bio-prosthetic valve
previous TEE

- Thrombophilia - Mechanical aortic valve

- IHD with bare stent <12 wk ago

. DE stent 6-12 mo ago - IHD, no coronary stents
- Cerebrovascular disease (CVD)
-PVD

- Embolic risk if anticoagulation interrupted in low risk condition 1-2/1000
- Avoid elective procedure for 12 wks after acute DVT/PE

Table 4. Embolism risk after brief interruption of anticoagulation (Veitch et al., 2008)

USA* Australia= Canada Poland India  Europet?

Procedure

Sigmoidoscopy 30 30 50
Colonoscopy 140 100 to cecum 150 500 120 150
EGD 130 200 150 500 190 200
ERCP 200 200 200 200 140 150
EUS 150 200 150

EGD, esophagogastroduodenoscopy; ERCP, endoscopic retrograde cholangiopancreatography; EUS,
endoscopic ultrasonography

* American Society for Gastrointestinal Endoscopy (ASGE) Guideline

= Colonoscopy: cecal intubation in >90% of the last 50 logged procedures. ERCP: unassisted, with intact
papilla, to include 80 sphincterotomies and 60 stent placements.

¥ European Board of Gastroenterology: colonoscopy numbers include polypectomy, and assume
competency in EGD first (10).

Table 5. Threshold numbers of endoscopic procedures before competency can be assessed
by direct observation or other objective measures, as required in different countries or
regions. (Faigel et al., 2009).

4. Time out

Endoscopy procedures are very close to surgical procedures, it is why endoscopy suites
have to be carried on as a surgical theatre taking in account endoscopy specificities (Table 6).
Recently a new process has been issued as time out or also called “checklist” (Haynes et al.,
2009). This process is issue from airplane pilot cockpit where, before each flight
commandant and first officer revised orally and click on a sheet, all airplane equipment. Of
course, it is much more easily with machine elements than with a human body. The main
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goal is to avoid errors in patient labelling, type of the procedures, where procedures should
be applied, patient treatment and more specifically, anticoagulation and antiplatelet
therapy. In endoscopy, the clinical benefit of the time out or checklist has to be proved but it
becomes more important in a very busy unit.

Sign in

Before induction of anesthesia, members of the team (at least the nurse and an anesthesia
professional) orally confirm that:
The patient has verified his or her identity, the surgical site and procedure, and
consent.
The surgical site is marked or site marking is not applicable
The pulse oximeter is on the patient and functioning
All members of the team are aware of wheter the patient has a known allergy
The patient’s airway and risk of aspiration have been evaluated and appropriate
equipment and assistance are available
If there is a risk of blood loss of at least 500ml (or 7ml/kg of body weight, in
children), appropriate access and fluids are available

Time out

Before skin incision, the entire team (nurses, surgeons, anesthesia professionals, and any
others participating in the care of the patient) orally:
Confirms that all team members have been introduced by name and role
Confirms the patient’s identity, surgical site, and procedure
Reviews the anticipated critical events
Surgeon reviews critical and unexpected steps, operative duration, and anticipated
blood loss
Anesthesia staff reviews concerns specific to the patient
Nursing staff reviews confirmation of sterility, equipment availability, and other
concerns
Confirms that prophylactic antibiotics have been administrated <60 min before
incision is made or that antibiotics are not indicated
Confirms that all essential imaging results for the correct patient are displayed in the
operating room

Sign out

Before the patient leaves the operating room:

Nurse reviews items aloud with the team
Name of the procedure as recorded
That the needle, sponge, and instrument counts are complete (or not applicable)
That the specimen (if any), is correctly labelled, including with the patient’s name
Wether there are any issues with equipment to be addressed
The surgeon, nurse and anesthesia professional review aloud the key concerns for
the recovery and care of the patient

* the checklist is based on the first edition of the WHO Guidelines for Safe Surgery (Geneva, World
Health Organization, 2008).

Table 6. Elements of the Surgical Safety Checklist* (Haynes et al., 2009)
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5. Control in endoscope maintenance

Quality control in servicing and repairing endoscopes is an important business for each
endoscopy unit. It is why we have been required to write a guideline on behalf of ESGE
(Rey et al., 2004). This work has been carried on with the help of the personal from three
major endoscopes makers, Fujinon, Olympus and Pentax. But it is clear that repairing
services could be provided both by endoscopes manufacturers and so called third party as
independent repaired company.

In issuing guidelines on repairing endoscopes, the aim of the European Society of
Gastrointestinal Endoscopy (ESGE) Guidelines Committee is to draw the attention of those
who manage endoscopy units to the quality control requirements involved in having
endoscopes repaired. Information on endoscope repair is important not only for medical
doctors, nurses and assistants, but also for medical engineers and - even more so - for
hospital administrators. The aim of these ESGE guidelines is to draw the attention of
endoscope users to both the technical and the legal implications relating to endoscope
repair. The sources of spare parts and the exact repair procedures used should be clearly
stated in the repair contract. If second-hand spare parts are used, traceability and hygiene
issues should be taken into consideration. For the ESGE, it is clear that repair services can be
provided both by endoscope manufacturers and by other repair service providers (known as
“third parties”), as long as they follow the same quality control processes and guarantees as
those followed in endoscopy units.

The intention in these guidelines is to provide users of medical endoscopes with information
about the appropriate selection of service providers, including information on how to
reduce user liability relative to compliance with the Medical Device Directive (MDD) during
the lifespan of endoscopic equipment and devices.

The Medical Device Directive (MDD) regulates the requirements for the design,
manufacture and sale of new medical devices and equipment very precisely. A clear sign for
the user that the equipment or device complies with MDD regulations is the CE mark. A
reference to the original manufacturer is also provided by the identification label on each
product. The basic aim of these measures is to ensure the safety of users, patients, and
others, as well as to ensure compliance with technological standards. Before the first use of
any new endoscope, the MDD requires proof that these requirements have been met, based
on both clinical and nonclinical testing procedures. The original manufacturer maintains a
master configuration file, which documents the design configuration, manufacturing
configuration, and test results. This ensures seamless configuration control.

After the product has been sold, the liability and responsibility for ensuring safe usage of
the product is transferred to the user. The degree of user liability is likely to depend on the
contract between the user's organization and the selected service provider. The transfer of
liability, and all associated risk, depends on the person or organization undertaking the
service and on the way in which maintenance and repair work is carried out. If a failure in
use occurs after maintenance or repair and this failure leads to serious injury to a patient or
user, there is a greater likelihood that the user and service provider may be held legally
responsible for any injuries caused, if the endoscope was not repaired in accordance with
the manufacturer's instructions and operating standards.

Users need to ensure that they follow an appropriate strategy for maintaining and repairing
the equipment. Options for maintenance and repair services include choosing either:

¢  The original manufacturer of the endoscope
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¢ Anin-house biomedical engineering department
e Anindependent service provider
¢ A managed service provider.
Usually, the original manufacturer is the primary source for maintenance and repair services.
However, not all manufacturers carry out repair and maintenance of their devices. Whoever is
carrying out the maintenance and repair activity, the written service documentation provided
by the manufacturer should always be used. If any organization other than the original
manufacturer undertakes repair or maintenance work, the organization concerned should
ensure that the work and inspection is carried out in accordance with the latest manufacturer's
instructions and specifications, and according to defined standards.

The most important issues to be considered as selection criteria for any service provider are

in the four core areas:

e  General competence

e  Workmanship

e  Parts and materials

e  Verification, inspection, and risk management.

However, in addition, the following criteria are important elements that should also be

taken into account when choosing a service provider:

e A clear analysis and understanding of the relationship between apparent financial
savings and increased liability risks, and calculation of total ownership costs relative to
repair frequency

o  The frequency with which maintenance and repairs are likely to be needed and the time
required to respond to endoscope malfunction:

e  Uptime requirements

e  Requirements for loan equipment

e  Requirements for a mobile service.

It is advisable for the owner of the endoscopic equipment to always make a clear contractual

agreement with the chosen service provider. This agreement should clearly describe the

level of service to be provided to the owner organization, and it is recommended that it
should include:

e  Reference to the original manufacturer's written instructions

¢ Information on availability, source, and traceability of spare parts

¢ Notification of any changes in parts, procedures, tests performed, etc., including the use
of parts and methods other than those specified by and originating from the original
manufacturer

e Details of the training and qualifications of the technicians and inspectors
Details on the way in which requirements for adequate record-keeping regarding
traceability are ensured

e Regulations on the use of subcontractors employed by the ser- vice provider.

A repair organization that complies with both the comprehensive legal and quality aspects

as well as with specific customer requirements will be able to respond positively to the

following questions.

a) Competence

e What is the experience and customer reputation that the ser- vice provider has in
repairing and maintaining the specific type of endoscopic or electronic equipment? (List
of customers)
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Is a quality assurance system in place? (ISO 9001 - 2000 as a minimum; preferably ISO
EN13488 to show compliance with MDD)

How are the requirements for adequate record keeping and traceability ensured?

Is the availability of loan equipment adequate to meet customer demand, and is the
loan equipment chargeable or not?

What is the response time and what are the regular service hours?

Is a mobile service offered, and where is it located?

Is the service organization sufficiently flexible to adapt to customers' uptime
requirements?

Is a risk management strategy in place?

Does the service provider have reliable access to the original manufacturer's
information (manuals, safety information, and device specifications) and spare parts?

b) Workmanship

Are the original manufacturer's repair procedures in place and regularly updated,

(preferably by the original manufacturer) and what is the source for the relevant

documentation?

How does the update procedure work, and how is it documented?

Is a written agreement with the original manufacturer available?

Is the level of documentation appropriate to the level of repair?

Are the technicians regularly trained on the basis of the original manufacturer's

manufacturing and service standards (preferably by the original manufacturer's

approved trainers)?

What certificates and records are available for repair and inspection training with

regard to the specific equipment type and the extent of repair training that has been

performed?

What are the training intervals for technicians?

What regular reviewing of the training level is done, and is it done at appropriate

intervals?

Are the tools that are being used in accordance with the original manufacturer's jigs and

special tools specifications, or are they originally provided by the manufacturer?

Are specific repair and inspection procedures in place, regularly updated, and followed

(preferably by the origin manufacturer)?

If repair and inspection procedures other than the original manufacturer's are being used:

e Are the methods and procedures documented and regularly updated and
appropriately detailed on the basis of the required level of maintenance and repair?

Is a system in place to inform the user organization of any alternative methods used?

What certificates and records are available for inspection?

Have the risks been identified and documented?

Is a risk management strategy for this documentation in place?

c) Parts and Materials

Are the criteria for the definition of part defects documented and verified as being in
accordance with the original manufacturer's criteria and with MDD requirements?

Are all the parts and materials used for repairs the certified original manufacturer's parts,
and are they purchased from the original manufacturer or any authorized agency?



72 Applications and Experiences of Quality Control

e If no original parts and materials (e.g., adhesives) are used, is the service provider
willing to certify the origin of the parts and materials used for repairs?

e Is arisk management strategy for these parts and materials in place and the appropriate
documentation available?

e Have the risks been identified and documented?

e Are certificates of biocompatibility available?

¢ Do the parts and materials comply with the original manufacturer's specifications of
compatibility with reprocessing agents?

o Is the sourcing of these parts covered by a contract (to ensure continuity of supply?

d) Verification, Inspection and Risk Management

e Have criteria for functionality and safety testing been defined, and are they available
and verified as being in accordance with MDD requirements and the original
manufacturing standards?

¢ Have the methods and equipment used for quality assurance inspection been defined
and are they appropriate for verifying the quality of the repaired endoscope according
to the origin manufacturer's standards? Is a quality assurance tracking report available?

e Will the repair contractor provide a statement of conformity with the original
manufacturer's functional, safety, and quality standards after an endoscope has been
repaired?

e Is the repair process documented and traceable?

e  Process steps

e  Technicians involved

e  Parts used

¢ How long will the necessary documentation be kept available?

e What notification and approval procedures are in place to ensure that the user
organization is aware of any changes in spare parts and methods other than those
covered by the contract?

o  With regard to the whole repair process, is a risk management system in place and who
is the person responsible for it?

e Is a procedure in place for reporting conditions to the user organization that have a
potential to cause a device failure or otherwise compromise the intended use of the
endoscope?

e) Technical consequences of any repairs services

To carry out any repairs, it is necessary to disassemble an endoscope either partly or wholly.
During this procedure, the functionality and condition of subcomponents or parts inside the
endoscope can be inspected in addition to verifying the originally detected problem.
Reassembling the parts, including internal adjustments of subcomponents, also requires
specialized understanding and expertise in the manufacturer's procedures. Performing the
repairs in accordance with the manufacturer's standards ensures the continuing
functionality and safety of the endoscope.

If any changes are made during a repair procedure with regard to the materials, spare parts
used, or characteristics of the medical endoscope, this may invalidate the related CE
marking. In case of doubt, a new CE marking procedure carried out by a registered medical
device manufacturer for the endoscope concerned will be required.
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Responsibility for the safety of the device lies primarily with the owner or his or her
delegated person, regardless of who carries out any repairs.

Effectively, this means that in the event of endoscopic equipment being subjected to any
work, processing, etc., that is not in accordance with the original manufacturer's
specifications and/or quality standards, the equipment may have performance standards
that deviate from (i.e., are inferior to) those for which the original CE approval by a notified
body and its registration was issued.

This would therefore completely invalidate any continuing liability on the part of the
original manufacturer even for equipment that might still normally be within the
manufacturer's warranty period. Any liability for claims arising from subsequent
malfunctioning or harm to patients and/or users would therefore pass to the owners of the
equipment.

In summary, endoscopy maintenance is an important point in order to keep high standard
endoscopy unit procedure. The organisation of repairing service may vary from one country
to another depending of the local organisation in national legal requirement. For accessories,
it is even more important with legal and technical concerns. With single use equipment, the
safety is linked to one time use accessory, for reusable device, we should follow standard for
cleaning and disinfection (Beilenhoff et al., 2008). Of course in many countries, single use
accessories are reused, it becomes a legal issue if forbidden by law or a civil concern in case
of inadequate reprocessing.

5. Endoscopy unit audit

This point has been particularly developed for monitoring of cleaning and disinfection
procedures, but also, more generally in the British National Health Service (NHS) for all
endoscopy units accredited for colorectal cancer screening (the JAG).

Cleaning and disinfection of endoscopes is a complex and multi-tasks process. Mistake in
handling could occur at any steps. Manual pre-cleaning has to be developed on immediately
after the end of the endoscopy procedure. Cleaning and disinfection could be achieved with
manual cleaning or water disinfection machine. But in all cases, defects may occurred and
lead to an infective process. For example, water supply or washer-disinfector could be
infected with pseudomonas. It is why regular monitoring, every 3 months with specimen
analysis at each step, is recommended. In case of reprocessing accessories, cleaning and
disinfection have to be monitored very closely and it is why, in many endoscopy units,
single use devices are a primary choice.

Due to the poor reputation of NHS, huge financial investments have been implemented five
years ago in order to improve efficacy, safety and reduce waiting lists especially with the
development of colorectal cancer screening policy. Each endoscopy unit had to develop
accreditation process for all procedures, physicians have been also audited by senior
endoscopists. In a couple of years, marked improvements have been obvious. This policy
should be strongly recommended for each country (Faigel et al., 2009). Avoid side effects
should be a daily goal for every endoscopy unit director but also for all practitioners and staff.

6. Conclusion

Quality control is becoming a very important point in each endoscopy unit. It is a
multifactor process where medical and non-medical staffs have to work altogether very
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closely. It is also a primary goal and question issue for our patients and patients’
associations: Doctor, is it safe to be scoped in your unit?
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1. Introduction

1.1 Anatomy of the lower urinary tract

Initially, a brief summary of the anatomy of the lower urinary tract will be presented.

The bladder is a hollow muscular organ in pelvis lined by a mucous membrane and covered
on its outer aspect partly by peritoneal serosa and partly by fascia (Lich et al. 1978; Dixon
and Gosling 1987). The muscularis of the bladder is formed of smooth muscle cells which
comprise the detrusor muscle. The detrusor muscle is often described as consisting of three
layers, the muscle fibres of the outer and inner layers tending to be orientated
longitudinally, while those of the middle layer are circularly disposed. Woodburne (1960)
has clearly shown that the musculature of the bladder is a "muscular meshwork". The
constituent muscle bundles frequently branch and reunite with one another to form this
interlacing meshwork. The bladder is profusely supplied with autonomic nerve fibres which
form a dense plexus among the smooth muscle cells (Dixon and Gosling 1987).

In the male bladder neck, the smooth muscle cells form a complete circular collar which
forms the internal urethral sphincter and extends distally to surround the preprostatic
portion of the urethra. In the female bladder neck, muscle bundles extend obliquely or
longitudinally into the urethral wall. There is the rich sympathetic innervation in the male
bladder neck, while the female bladder neck is well supplied with the parasympathetic
innervation (Gosling et al. 1977; Dixon and Gosling 1994).

The male urethra is considered in four regional parts: preprostatic, prostatic, membranous
and spongiose. In the membranous urethra, muscle coat consists of a relatively thin layer of
smooth muscle bundles and a layer of circularly orientated striated muscle fibres forming
the external urethral sphincter. In the female urethra, the muscle coat consists of an outer
sleeve of striated muscle, which forms the external sphincter together with an inner coat of
smooth muscle fibres (Dixon and Gosling 1994).

1.2 Physiology of the lower urinary tract
Briefly the physiologic functions of the lower urinary tract will be described.
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The lower urinary tract functions as a group of interrelated structures whose joint function
is to bring about efficient bladder filling and urine storage and its voluntary expulsion.
During bladder filling at physiologic rates, intravesical pressure initially rises slowly despite
large increase in volume. Physical distensibility or higher compliance, slowly physiologic
filling rate and inhibition of detrusor contraction are the major characters of physiologic
function of the bladder during filling phase. There is a gradual increase in proximal urethral
resistance, and urethral pressure is always greater than intravesical pressure during the
bladder filling. Many factors have been thought to contribute to proximal and distal urethral
closure mechanism (Arsdalen and Wein 1991; Torrens 1987).
Normal voiding is a voluntary act which results in sustained contraction of the detrusor
muscle and relaxation of the urethra until the bladder is empty. Voiding can be divided into
the initiation of voiding, the continuation of voiding and the termination of micturition. At
the initiation of voiding, urethral closure pressure progressively drops, and this pressure
drop occurs slightly before a corresponding increase in detrusor pressure with urinary flow
when the detrusor pressure exceeded the urethral pressure. Then, the bladder pressure
begins to increase. Descent of the bladder base is initiated by relaxation of the pelvic floor
muscles and continued by relaxation of the urethra, and the bladder neck opens. This
process is accompanied by the bladder outlet assuming a funneled shape (Tanagho and
Miller 1970; Torrens 1987). At some specific intravesical pressure, the sensation of bladder
distention is perceived, and micturition is initiated voluntarily at an appropriate time,
proceeding to completion and involving a decrease in bladder outlet resistance and
contraction of the bladder smooth musculature. Whilst the initiation of voiding is a
voluntary act, its continuation depends on a more automatic activity. Micturition can be
initiated by voiding reflexes almost regardless of the capacity of the bladder.
Normally, the bladder is very accurate in its ability to void exactly the capacity within itself
with a voiding pressure which is maintained at a very constant level. Occasionally, the
bladder seems to over- or under-estimate the capacity it has to deal with. Under-estimation
results in the bladder continuing to contract after it is empty, resulting in an isometric
increase in contraction pressure known as "after contraction"; this seems to have no
identified pathologic significance (Torrens 1987).
The physiologic functions of lower urinary tract can be summarized as two aspects
(Arsdalen and Wein 1991).
Bladder filling and urine storage
e increasing volumes of urine at a low intravesical pressure and with appropriate
sensation must be accommodated.
o the bladder outlet must be closed at rest and remain so during increases in
intraabdominal pressure.
¢ no involuntary bladder contraction can occur.
Bladder emptying
e a coordinated contraction of the bladder smooth musculature of adequate magnitude
must occur.
e a concomitant lowering of resistance must occur at the level of the smooth sphincter
and the striated sphincter.
e no anatomic obstruction can occur.

1.3 Urodynamics
Urodynamics is the medical science concerned with the physiology and pathophysiology of
urine transport from the kidneys to the bladder as well as its storage and evacuation (Susset
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1985). There are two basic aims of urodynamics: to reproduce the patient's symptomatic
complaints and to provide a pathophysiological explanation for the patient's problems
(Abrams 1997).

1.3.1 The history of urodynamics

Urodynamics can trace its roots to the 1800s, when instrumentation was first developed and
described for the measurement of bladder pressure and urine flow rate; however, the term
urodynamics was only recently coined by Davis (Davis 1954; Perez and Webster 1992).

1.3.1.1 The history of cystometry

Even prior to the invention of the cystometer, intravesical pressure had been measured by
several European investigators, with Dubois in 1876 perhaps being the first (Smith 1968). In
1882, Mosso and Pellacani had shown that bladder pressure rose due to the contraction of
the detrusor muscle (Perez and Webster 1992). In 1897, Rehfisch described an apparatus
used for the simultaneous measurement of vesical pressure and urinary volume (Derezic
1988). In 1927, Rose coined the term cystometer and described its development and clinical
usefulness (Rose 1927; Perez and Webster 1992); and he found cystometry to be a much
more accurate way to determine the neurologically abnormal bladder than
cystourethroscopy. Up to 1933, Denny-Brown and Robertson used a specially designed
double catheter and a photographic recording method to measure pressure in the bladder,
urethra and rectum (Denny-Brown and Robertson 1933). They showed in humans that
bladder pressure is independent of intraabdominal pressure, and they were also the first to
note and name the after contraction. In 1948, Talbot used the terms stable and unstable
bladder detrusor in his study on spinal cord injury patients (Talbot 1948). In the modern era,
technologic advances undoubtedly wrote the history of cystometry, in particular emerging
of computerized urodynamic system. The application of the computer technology and
electronic pressure transducers (external transducer and microtransducer) made the
measurement and analysis in cystometry much more accurate.

1.3.1.2 The history of uroflowmetry

Before the invention of the uroflowmeter, Rehfisch in 1897 recorded the timing of onset and
finish of micturition (Derezic 1988). In 1922, Schwartz and Brenner measured indirectly
urethral exit pressure, then calculated the velocity of exiting urinary stream (Smith 1968). In
1925, Gronwall made the first recordings of unimpeded urinary flow (Smith 1968). None of
these investigators made accurate calculation of flow rate. In 1948, Drake reported the
development of the uroflowmeter; he developed an instrument that measured the increasing
weight of urine against a factor of time on a kymograph and called the graphs produced
uroflowgrams (Drake 1948; Perez and Webster 1992). In 1956, von Garrelts reported the use
of electronics to record voiding rates; he used a transducer to convert changes in pressure of
urine collected onto a photokymograph (von Garrelts 1956).

1.3.1.3 The history of pressure-flow study

With von Garrelts' classic article and Davis' book entitled Mechanisms of Urologic Diseases, the
1950s represented the infancy of modern urodynamics. Davis' book inspired much interest
in the simultaneous measurements of uroflowmetry and cystometry (Perez and Webster
1992). In 1956, von Garrelts reported the normal micturition pressures electronically in men;
in 1963, Zinner and Paquin did that in women (Zinner and Paquin 1963). In 1960, Murphy
and Schoenberg reintroduced the measurement of micturition pressures by using
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suprapubic cystometry (Murphy and Schoenberg 1960). In 1962, Gleason and Lattimer
reported the use of cystometry and uroflowmetry in combination to determinate bladder
outlet strictures indirectly that was called as the pressure-flow study (Gleason and Lattimer
1962), and drew back the prologue of modern urodynamic studies on bladder outflow
obstruction (BOO). In 1971, Griffiths introduced the concept of fluid mechanics of collapsible
tubes, in relation to the conduit function of the lower urinary tract (Griffiths 1971). In the
early 1980s, Schifer introduced the concept of passive urethral resistance relation, PURR
(Schéfer 1981; 1983), making the understanding to physiology of micturition much more
profound. These were mathematically and biophysically elegant, computerized statements
of the then-current understanding of bladder, bladder neck and urethral physiology and
pathophysiology. They hearkened back to the call the 1968 meeting on "The Hydrodynamics
of Micturition" for models that were based on the best urology and bioengineering (Boyarsky
1998). Up to now, these concepts have still being used in clinical and basic research widely,
and have a role of guiding. The achievement of basic research must be applied to clinical
practice, and must serve it. In 1979, Abrams and Griffiths reported a pressure-flow rate plot
for classifying bladder outflow as obstructed, equivocal and unobstructed conditions
(Abrams, Griffiths 1979). This Abrams-Griffiths (A/G) nomogram has been used for
classification of obstruction in clinical practice. Afterwards, Schéfer developed and reported
a nomogram for grading BOO using PURR principle (Schéfer et al. 1989; 1990). He further
simplified PURR and introduced the Linear PURR (L-PURR) concept so that the clinical use
of his nomogram became easier (Schifer 1990). Schiafer nomogram divided bladder outflow
obstruction into 7 grades from 0 to VI. As a semi-quantitative method for assessment of
BOO, it has been known well by clinician, and has been applied to clinical practice widely.
Basing on these nomograms mainly, the International Continence Society (ICS)
recommended a nomogram as a standard for assessment of BOO (Griffiths et al. 1997).

1.3.1.4 The history of urethral pressure measurements

In 1923, Bonney reported crude measurements of bladder and urethral pressures; then,
Kennedy described an innovative method to measure urethral resistance in 1937 (Perez and
Webster 1992). In 1953, Karlson reported the simultaneous measurements of pressure in the
bladder and internal and external urinary sphincters (karlson 1953). In 1969, Brown and
Wickham reported a simple method, the urethral pressure profile (UPP), to measure the
pressure exerted by the urethral wall at every point of its length (Brown and Wickham
1969). For some years, UPP as a tool for the evaluation of patients with incontinence and
BOO; however, in the current, it enjoys only limited application in its simple form (Perez
and Webster 1992).

1.3.1.5 The history of Videourodynamics

In 1930, Thomsen reported the first series of lateral voiding cystourethrograms in female
patients; and Muellner and Fleischner used the fluoroscope to study normal and abnormal
micturition extensively (Muellner and Fleischner 1949; Perez and Webster 1992). In 1967,
Miller described that truly popularized the use of cinefluoroscopy in conjunction with the
other lower urinary tract urodynamic studies (Miller 1967). This was the birth of what has
become known as videourodynamics, which includes the simultaneous recording and
projection of fluoroscopic and functional data (Perez and Webster 1992). In 1970, Bates et al.
reported the simultaneous cinefluoroscopy and pressure-flow studies, and discovered the
combination of studies necessary for the evaluation of a variety of micturition dysfunction
(Bates et al. 1970).
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1.3.2 Urodynamic laboratory techniques
1.3.2.1 Uroflowmetry

Uroflowmetry is the simplest and least invasive test. With the developments in urine
flowmeters, the clinical use of uroflowmetry has become widespread. The common
flowmeter involves urine falling onto a disc rotating at a constant speed. The mass of the
urine tends to slow the rotation, but a servomotor keeps the speed constant. The power
necessary to do this is proportional to the urine flow rate. The urine volume can be derived
by integration of the flow rate (Torrens 1987). Urine flow may be described in terms of rate
and pattern and may be continuous or intermittent. Flow rate is defined as the volume of
fluid expelled via the urethra per unit time. It is expressed in ml/s. The maximum flow rate
(Qmax) is the only value so far submitted to an extensive quantitative investigation. Voided
volume, patient environment and position, way of filling (by diuresis or by catheter) as well
as type of fluid can influence the results of uroflowmetry (Abrams et al. 1988). von Garrelts
reported that there was a correlation between the Qmax and the square root of the volume
voided (von Garrelts 1957). It is now quite clear that uroflowmetry give evidence of urinary
dysfunction, and is a good screening test. However, urine flow rate is a combined produce
of detrusor contractility and outlet resistance. Then, uroflowmetry cannot offer a precise
diagnosis as to the cause of abnormal flow; for example it has poor diagnostic specificity for
BOO, and cannot be used alone except in clearly defined situations (Abrams et al. 1997).

1.3.2.2 Cystometry

Cystometry is used to study both the storage and the voiding phases of micturition in order
to make a diagnosis which enables effective treatment to be given (Abrams 1997).

1.3.2.2.1 Cystometry during filling

Cystometry during filling is the method by which the pressure/volume relationship of the
bladder is measured. All systems are zeroed at atmospheric pressure. For external
transducers the reference point is the level of the superior edge of the symphsis pubis. For
catheter mounted transducers the reference point is the transducer itself. Cystometry is used
to assess detrusor activity, sensation, capacity and compliance. Present techniques allow the
continuous recording of pressure within the bladder during artificial or natural filling.
Before starting to fill the bladder the residual urine may be measured. Intravesical pressure
is the pressure measured within the bladder. Abdominal pressure is the pressure
surrounding the bladder and is usually measured as rectal pressure. Detrusor pressure (Pget)
is calculated by electronically subtracting the abdominal pressure (Paba) from the intravesical
pressure (Pyes). The simultaneous measurement of abdominal pressure is essential for the
interpretation of the intravesical pressure trace. During cystometry, any variations should
be specified. Access for pressure measurement is most commonly by transurethral
catheterization; occasionally a percutaneous suprapubic catheter is used. In current practice,
the fluid medium is usually liquid (saline). The temperature of fluid is usually the same
with that of room. The positions of patient may be in supine, sitting or standing; the
different positions of can result in the different abdominal pressures, but detrusor pressure
is constant. Certain cystometric parameters may be significantly altered by the speed of
bladder filling. For the general discussion, the following terms for the range of filling rate
may be used: up to 10 ml/min is slow filling; 10 to 100 ml/min is medium filling; over 100
ml/min is rapid filling (Abrams et al. 1988). Bladder sensation is difficult to evaluate; it
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usually assessed by questioning the patient in relation to the fullness of the bladder during
cystometry. In patients with normal sensation, maximum cystometric capacity is the volume
at which the patient feels he or she can no longer delay micturition. Compliance indicates
the change in volume for a change in pressure. Compliance is calculated by dividing the
volume change (AV) by the change in detrusor pressure (AP4e) during that change in
bladder volume (C=AV/APge). Compliance is expressed as mls per cm water.

1.3.2.2.2 Cystometry during voiding

Pressure-flow study of micturition is a method that the abdominal, intravesical, and
detrusor pressures and flow rate are simultaneously recorded during the voiding phase of
cystometry. With regard to the methodology, ICS has published an updated report on
pressure-flow standardisation (Griffiths et al. 1997). The currently available urodynamic
equipment is adequate for the accurate recording of pressures and flow. During
investigation, the patients must be in the position as the usual voiding; and catheters should
be as thin as possible, for example 6F double lumen. As standard transurethral double
lumen catheter has been suggested to use; only in children and patients with severe
constrictive obstruction a suprapubic pressure recording may have advantages. A rectal
balloon catheter is recommended to use for abdominal pressure recording (Schéfer 1998).
Many investigators have focused on the analysis of pressure-flow study. Because the ideas
about the mechanical behavior of the urethra and the bladder were new, it was not
immediately evident how to apply them in practice and so a number of competing
approaches to the analysis of pressure-flow studies were developed (Abrams and Griffiths
1979; Schiéfer W 1983; 1990; Griffiths et al. 1989; Spangber et al. 1989; Hofner et al. 1995). All
of them share a similar fundamental basis, but there are differences in detail and in
objectives. The results of pressure-flow studies may be used for various purposes, for
example, for objective diagnosis of BOO or for statistical testing of differences in urethral
resistance between groups of patients. For these purposes, methods have been developed to
quantify pressure-flow plots in terms of one or more numerical parameters. The parameters
are based on aspects such as the position, slope, and curvature of PURR of the plot. A/G
nomogram was based on data from 117 patients. The upper boundary line, separating
clearly obstructed patients from others, was arrived at by a combination of theoretical
insight and clinical judgment. A lower boundary separates clearly unobstructed patients
from others. The equivocal region between these two boundaries contained a mixture of
obstructed and unobstructed patients (Abrams and Griffiths 1979). Working independently,
Schéfer developed the L-PURR method of grading BOO and modified to a nomogram:
Schiéfer nomogram (Schifer 1990). Based on studies of the urodynamic changes following
TURP, it provided 7 grades ranging from not obstructed to severely obstructed, 4 grades for
the strength of the contraction ranging from very weak to strong. Grade II fulfills a similar
function to the equivocal zone of A/G nomogram: the upper between obstructed and
equivocal or slightly obstructed are identical in A/G nomogram and Schéifer nomogram.
The position of the lower boundary of grade II suggests that the equivocal zone in A/G
nomogram is too large at the lower flow levels. Combining these aspects, ICS recommended
a provisional nomogram; it is important for comparing results from different centers.
Therefore, it is recommended that the upper boundary line of ICS nomogram should be
used to distinguish between clearly obstructed patients and others; Schifer nomogram may
be used to grade the severity of obstruction; detrusor pressure at Qmax or AG number may
be used to represent urethral resistance (Abrams et al. 1997).
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1.3.2.3 Urethral pressure measurement

The urethral pressure and the urethral closure pressure are idealized concepts which
represent the ability of the urethra to prevent leakage. The urethral pressure may be
measured by a number of different techniques which do not always yield consistent values.
Not only do the values differ with the method of measurement but there is often lack of
consistency for a single method. For example, the effect of catheter rotation when urethral
pressure is measured (Abrams et al. 1988). On the other hand, there still are some problems
resulting in that distinction of physiological facts and urodynamic artifacts are difficult. One
of the problems is caused by bring a probe into a closed system; another one is related to the
dynamics (Schifer 1998). These problems limited its application and interpretation for
urethral closure function. Intraluminal urethral pressure may be measured: at rest, with the
bladder at any given volume; during coughing or straining; during voiding. Measurement
may be made at one point in the urethra over a period of time, or at several points along the
urethra consecutively forming a urethral pressure profile (UPP).

1.3.2.4 Videourodynamics

Videourodynamics is the simultaneous radiological visualization and urodynamic
measurement of lower urinary tract. Some centers use it as a first line investigation, this is
unnecessary, hazardous and expensive. Videourodynamics is indicated when structural
information is required as well as functional information. In neuropathic patients there is an
increased prevalence of bladder shape abnormalities, vesicoureteric reflux, and urethral
sphincter abnormalities; therefore, videourodynamics is the investigation of choice in
suspected neuropathic vesicourethral dysfunction. It also is indicated in failed surgery for
stress incontinence and in men who develop incontinence after prostatic surgery. It allows
the clinician to differentiate between incontinence, secondary to sphincter damage and that
due to detrusor instability (Abrams 1998). Videourodynamics, by combing the simultaneous
measurement of detrusor pressure, flow rate and radiological visualization provides the
most comprehensive urodynamic evaluation; however, there is no evidence that video adds
clinical benefit, beyond that given by pressure-flow studies, in elderly men with suspected
BOO (Abrams et al. 1997).

1.3.3 Quality control of urodynamic data

Undergoing the development, urodynamics has been applied to clinical practice widely, and
has more and more important role at present. The aim of clinical urodynamics is to
reproduce patient's symptoms under the condition of precise measurement in order to
identify the underlying causes for the symptoms and to provide a pathophysiological
explanation for them (Schifer 1998). In clinical urodynamic practice, one of the most
important problems is whether or not a reliable diagnosis can be made. A reliable diagnosis
relies on a good urodynamic practice, which has a precise measurement with data quality
control and accurate analysis of results. However, considerable data quality problems were
found when traces from a study of multi-centers were examined. In analysis on the data
from the ICS "benign prostatic hyperplasia (BPH)" study, Schiéfer et al found that up to 60%
of traces had significant technical errors and obvious artifacts. One of these could be easily
corrected, and were due to common problems, such as, a difference in pressure transmission
to the Pyes and Papg tracings, incorrect position of the zero reference line, and spikes and
other irregularities in the Py tracing. One third of artifacts were less easy to correct, such as
periodic loss of a signal, pressure rising above full scale deflection, slow drift in a pressure
tracing, and loss of the urethral catheter during voiding. A small percentage (10%) of traces
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could not be analyzed due to a lack of scaling or indicated zero position, or complete loss of
a pressure or flow signal (Schéfer et al. 1994). Although ICS published a series of reports on
standardisation of urodynamics, some investigators did not perform urodynamic tests
according to them; therefore, considerable technical errors and artifacts were produced.
These indicate that data quality control has not received enough attention or has lacked
consensus, and the urodynamic practice is badly in need of the standards for quality control.
Data quality control has substantial contents, it mainly involves the following aspects:
equipment set-up and configuration before measurement; signal testing, plausibility check,
pattern recognition and artifacts correction during investigation; and retrospective analysis
and artifacts correction for results after study. Quality control and plausibility check during
investigation are the best way to avoid and to correct artifacts at an early stage. Quality
control relies on pattern recognition and knowledge of typical values (Schéfer 1998).

Quality control during urodynamic investigation can avoid and eliminate various artifacts
and technical errors. However, it is difficult to acquire a perfect measurement in clinical
urodynamic practice. Therefore, there are either more or less artifacts and errors existed in
urodynamic data. For these artifacts existed in data, retrospective quality control and
correction are necessary. Especially, computer's application to clinical urodynamic practice
makes the retrospective quality control more important. The computer-based urodynamic
systems have gradually replaced traditional ones, have been playing a role in many aspects
of urodynamics. However, computer's application has also brought some problems into
urodynamics. Up to now, a true urodynamic expert system has not yet been developed.
Many computer printouts are inferior to traditional paper-chart records. Computer is not
able to pick up technical artifacts and human errors. Some investigators accept the
automated result of computer without question (Lewis et al. 1997). The studies of manual
correction in uroflowmetry have been performed by some investigators. Rowan et al found
that up to 20% uroflow traces showed artifacts (Rowan et al. 1987). Grino et al compared
manual and automated values, and found consistently lower values of Qmax in manual
readings (Grino et al. 1993). Madsen et al compared manual and computerized values of
Qmax and detrusor pressure at Qmax (Pdet.omax) in a small group of patients, and found some
different pressure-flow results between manual and computerized groups (Madsen et al.
1995). From these views, quality control in retrospective data analysis is necessary.

1.3.4 Standard for quality control of urodynamic data

The study on quality control of urodynamic data is lacking in the published literature. In
order to carry out quality control, the urodynamic standards for it are crucial. Schifer et al
drafted the ICS standards of "Good Urodynamic Practice" which have been presented and
discussed at two ICS meetings in 1997 and 1998, and was published in 2002 (Schaefer et al.
2002). This report has provided us with the standards and guideline for quality control of
urodynamic data. Certainly, the project of this dissertation has been carried out along this
line.

1.4 Objectives
The aim for this dissertation is to develop the urodynamic standards for quality control.
This aim will be achieved by two strategies in two stages:
¢ Quality control during investigation: there are two strategies:
e To establish the typical value ranges (TVR) as the tool for quantitative plausibility
check and quality control;
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e To describe the typical signal patterns (TSP) as the tool for qualitative plausibility

check and quality control.
¢ Quality control in retrospective analysis:

e To recognize and correct the technical errors and artifacts in computerized
urodynamic data using the above-mentioned strategies;

e To evaluate the impact of the technical errors and artifacts on the outcome by
comparing the computerized results with manual one, and to indicate the
significance of retrospective quality control.

2. Materials and methods

A total of 181 elderly males with lower urinary tract symptoms (LUTS) was recruited in the
study. The mean age of the males was 65.3 years, with a range of 43 ~ 86 years.

All cystometric measurements were done in standing or sitting position with 30 ml/min
infusion rate using Dantec Menuet urodynamic system. During cystometry, the patient was
asked to cough before and at beginning of filling, at regular intervals during filling phase,
and before and after voiding. For each patient, a free uroflowmetry was recorded before
cystometry. Methods, definitions and units comforted to the standards proposed by the ICS
except where specifically noted (Abrams et al. 1988).

The study was retrospective. A total of 606 cystometric traces from the males was reviewed.
The traces that were non-interpretable and non-correctional because of various artifacts and
technical errors were excluded in the study; then, a total of 582 cystometric traces was
included for further analysis. All traces were manually read, and various technical errors
and artifacts were recognized and corrected.

2.1 Establishing the typical value ranges

For each trace, Pyes and Papq estimated from rectal pressure were recorded simultaneously;
and Pger was calculated by the electronic subtraction of Paq from Pyes. The overactive
detrusor factors were ruled out when the filling end point was defined. Maximum
cystometric capacity (MCC), Qmax, Pdetomax and volume voided (Vyoiq) were recorded and
read. Compliance of bladder was calculated by dividing the volume change by the change in
detrusor pressure during that change in bladder volume. The values of Pyes, Paba and Paet
were read before, at beginning and at end of filling, and at end of voiding respectively. For
each moment above-mentioned during cystometry, the mean value, standard deviation,
median, 95% confidence interval (CI), and 50%, 80% and 95% TVR as well as upper limit of
99% range were calculated using computer in each parameter. The technical errors and
atypical changes that were relevant to TVR were classified and given some examples to
indicate the role and significance of quantitative plausibility check using TVR in cystometry.

2.2 Describing the typical signal patterns

For describing TSP, the signals' scales recorded were 40 cm H>O per cm for Pyes, Paba and
Pget, and 4 ml/s per cm for uroflow rate; the scales of time axis were 1 minute per cm during
filling and 15 seconds per cm during voiding. The changes corresponding to cough tests
were observed and compared among Pyes, Papa and Paec tracings. In data analysis, we
classified the signal patterns of pressures into four types: I. fine structure (noise); II. minimal
dynamic changes caused by breathing, talking and moving (minor changes); III. major
changes due to regular cough tests; IV: typical major changes related to straining, detrusor
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overactivity, rectal contractions and detrusor contraction. The fine structure of pressure
signal shows a "live" signal tracing with some minimal amplitude signal variations (noise).
Straining is characterized by pressure increases on the Pyes and Papg tracings but not on the
Pget tracing; detrusor overactivity has the unstable waves recorded on Pyes and Pge tracings
but not on P.pq tracing; rectal contraction shows a positive wave on the Papg tracing and a
negative artifact or dip on the Pge tracing but not on Py tracing. Typical pattern of detrusor
contraction is that Pyes and Pget tracings increase and decrease with uroflow tracing smooth
and steady. According to it, we can identify several special patterns of detrusor contraction:
after-contraction, fluctuation contraction and unstable detrusor voiding. These four types of
signal patterns were compared among Pyes, Paba and Paer tracings at beginning of filling,
during filling, before, during and after voiding respectively. Then, typical signal patterns of
pressures were described; the relevant errors and artifacts were given some examples and
analyzed to indicate the role and significance of qualitative plausibility check using TSP
recognition in cystometry.

2.3 Quality control in retrospective analysis

In the study on retrospective quality control, all traces were printed out, and were manually
read. The readers were blinded to the computer results. For each trace, artifacts during
filling and voiding were examined according to typical value ranges and typical signal
patterns. During filling cystometry, artifacts involved mainly the wrong initial resting
pressures, spikes related to test-coughs and periodic signal loss or stepwise changes. During
voiding cystometry, artifacts in uroflow and pressures were recognized and were corrected
to indicate the effect of quality control. The recognition and correction of Qmax artifacts
contain two aspects of value and location. Firstly, Qmax must be located at the highest
plateau on a main uroflow curve. The additional modifications in flowrate and the spike
artifacts on a main uroflow are smoothed and corrected to get Qmax value. Secondly, the
spike artifact located at beginning or end of uroflow tracing, which is recognized as Qmax by
computer, must be corrected. Reader has used the following two specifications to read
manually Qmax: 1. Qmax must be measured at the highest plateau or peak of the flow curve
that lasted for 2 seconds or more; 2. Qmax value must be read to the nearest 0.5 to 1.0 ml. per
second. Various artifacts and errors during voiding cystometry may occur on Pyes and Papg
tracings, then influence Pge tracing. The pressure artifacts have been classified into technical
and physiologic ones. The technical artifacts may be caused by phasic signal loss, signal
stepwise changes and catheters' dislocations and others. The physiologic artifacts may be
the spikes and dips on Pge tracing resulted from the different causes. We have described
three common causes. The first one is the spikes due to the different transmissions between
Pyes and Papq tracings corresponding to straining. The second one is the dips caused by
rectal contractions. The last one is the spikes or the dips due to urethral sphincter
overactivity during voiding, which is sphincter contraction or relaxation. In the study, any
rapid rising and dropping of Pge tracing were recognized as spike and dip artifacts, and
were smoothed and corrected manually.

In analysis of pressure-flow data, various parameters and different methods were
employed. As a continuous quantitative parameter, obstruction coefficient (OCO) developed
by Schifer et al was used to detect the difference in urethral resistance between manual and
computerized results, and was calculated according to the following formula: OCO =
Pget.omax/40+2Qmax (Schéfer and Sterling 1995). Schifer nomogram was used to grade the
degree of obstruction and to evaluate the changes of obstructed grade after correction
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(Schéfer 1990). International Continence Society (ICS) nomogram were used to classify and
diagnose obstruction and to find the shifts of classifications due to correction (Griffiths et al.
1997).

The different statistical analyses were performed using computer. The correlation analyses
between manual and computerized results were done in the following variables: Qmax,
Pgetomax and OCO. In above mentioned variables, the variations between manual and
computerized values were evaluated by the matched-pairs z test for a big sample. The
percentages in various grades of Schifer nomogram and classification of ICS were
calculated. The variations in classification of ICS nomogram and in grades of Schéfer
nomogram between manual and computerized readings were examined by chi-square test
and relative to an identified distribution (Ridit) analysis respectively. In above mentioned
statistical analyses, p<0.05 was considered significant.

3. Results

The results were shown from three aspects: establishing TVR, describing TSP and
retrospective quality control.

3.1 Establishing the typical value ranges

At the different moments during cystometry, TVR for various pressures and other
parameters were shown in the following tables. Taking 50% as a usual range, we can find
that before and at beginning of filling TVR for Pyes and Papg were 31~42 cmH0 and 28~39
cmH>0 in standing or sitting position respectively; and that of Pget was 0~4 cmH>O with a
mean of 2.3 cmH>O, which was very close to zero (Table 1). These ranges were TVR for
initial resting pressures. The upper limits of 95% and 99% ranges for Pger were 9 and 13
cmHO respectively (Table 1); then, we took 10 emH>O as the upper limit of a maximum
possible resting value for Pge;. With these TVR for initial resting pressures, we can check the
technical errors and artifacts occurred in zero setting and a pressure reference level
establishing retrospectively.

MeantSD | Median | 95% CI | 50% | 80% | 95% | 99% upper limit
Pyes (cmH>0) | 35.4 £10.7 37 0.87 | 31~42 | 24~46 | 7~51 63
Papd cmH0) | 33.1+10.9 35 0.88 [ 28~39 | 20~44 | 5~49 59
Pger (cmH>O) 2.3£3.5 2 0.29 0~4 0~6 | 0~9 13

Table 1. The mean value, standard deviation, median, 95% confidence interval (CI), and
50%, 80% and 95% typical value ranges as well as upper limit of 99% range for initial resting
pressures in cystometry

According to a definite value: Pget cannot be negative and a relatively definite value: initial
resting Pge is rarely over 10 emH>O, we can divide these errors relating to initial resting
pressures into three types. Type I error has a normal initial resting Pge;, but both Pyes and
P.pq are wrong; type II has a negative initial resting Pqe; and type III error has a too high
initial resting Pget ( over 10 cmH>0). Concerning type I error, there are two sub-types: a. both
initial resting Pyes and Papg are too low comparing with their TVR (Fig. 1a); b. both Pyes and
Pabg are too high comparing with their TVR (Fig. 1b).
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Fig. 1. Type I error related to typical value ranges for initial resting pressures. A: type Ia
error has a normal initial resting Paet, but both Pyes and Papg are too low comparing with their
TVR; in this case, Pget is 2 cmH>0, but Pyes and Papq are -5 cmH,0 and -7 cmH,0
respectively. B: type Ib error has a normal initial resting Pge;, but both Pyes and Papg are too
high comparing with their TVR; in this case, Pget is 1 cmH>O, but Pyes and Papg are 83 cmH>O
and 82 cmHO respectively
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Fig. 2. Type Il error related to typical value ranges for initial resting pressures. A: type Ila
error has a negative initial resting Pyt caused by a too low Pyes comparing with its TVR; in
this case, Pget is -19 cmH20, Pyes and Papg are 19 cmH>O and 38 cmH>O respectively. B: type
IIb error has a negative initial resting Pge caused by a too high Papq comparing with its TVR;
in this case, Pqet is -4 cmH0, Pyes and Papg are 40 cmH>O and 44 cmH,0 respectively. C: in
this case, initial Pge is negative (type Ila error), then becomes positive during initial 30
seconds of filling. At beginning of filling, Pget is -14 cmH0, Pyes and Papg are 20 emH,O and
34 cmHO respectively

There are two reasons leading to type II error: a. initial resting Pyes is too low comparing
with TVR while initial resting Papq is in TVR (Fig. 2a); b. initial resting Papq is too high while
Pabg is in TVR (Fig. 2b). In type II error, P4er value may become positive during initial 30
seconds of filling in some traces (Fig. 2c).

Also, there are two reasons resulting in type III: a. initial resting Pyes is too high comparing
with TVR while initial resting Papq is in TVR (Fig. 3a); b. initial resting Papq is too low while
Pabq is in TVR (Fig. 3b).

In the traces analyzed, the incidences of I, II and III errors were 9.8%, 4.5% and 1.4%
respectively. Pget signal of 11.5% traces with type II error returned to TVR during initial 30
seconds of filling.
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Fig. 3. Type III error related to typical value ranges for initial resting pressures. A: type Illa
error has a high initial resting Pge: caused by a too high Pyes comparing with its TVR; in this
case, Pget is 48 cmH20, Pyes and Papg are 73 cmH>O0 and emH»O respectively. B: type IIIb error
has a high initial resting Pget caused by a too low Papq comparing with its TVR; in this case,
Pget is 26 emH20, Pyes and Papg are 40 cmH,0 and 14 emH>O respectively
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At end of filling, TVR of Pyes, Paba and Pger were 38~50 cmH,0O, 30~41 cmH,O and 5~10
cmH>0 respectively. TVR of MCC and compliance were 157~345 ml and 26.7~70.8 ml per
cmHO (Table 2). It means that Pget increases 5~6 cmH>0O during filling phase.

MeantSD | Median | 95% CI 50% 80% 95% | 99%
Pyes (emH20) 42.4+12.5 43 1.02 38~50 29~56 10~62 | 80
Pabd (cmH20) 3424123 36 1.0 30~41 20~47 2~51 63
Pget (cmH>0) 8.2+4.9 7 0.40 5~10 4~13 2~18 28
MCC (ml) 261.6£136.9 244 11.13 | 157~345 105~441 | 49~587 | 651
C (ml/ cmH;0) 58.5+61.1 415 499 |26.6~70.8 | 17.8~122.8 | 7~220 | 345

Table 2. The mean value, standard deviation, median, 95% confidence interval (CI), and
50%, 80% and 95% typical value ranges as well as upper limit of 99% range for pressures,
maximum cystometric capacity (MCC) and compliance (C) at end of filling in cystometry

During voiding, TVR of Pauq at relaxation was 25~38 cmH,0O (Table 3). A typical relevant
error, called type IV error, was that P.,q became negative at relaxation during voiding; and
this error lead to a meaningless Pge; value that was higher than Pyes (Fig. 4). In the traces
analyzed, the incidence of this type of error was 0.7%. TVR of Qmax, PdetQmax and Vyoiq were
5.5~9 ml/s, 57~92 cmH,O and 167~315 ml respectively (Table 3). On the other hand, TVR of
Qumax and Vg in free uroflowmetry were 8~9.2 ml/s and 167~301 ml (Table 3). It means that
Qmax and Vyig during cystometry are comparable with those of free uroflowmetry.

MeantSD | Median | 95% CI | 50% 80% 95% | 99%

Voiding cystrometry

Pyet.Qmax (cmH20) 76.5+31.7 70 2.57 57~92 | 42~118 | 37~159 | 216

Pdetminvoid (cmH20) 44.6+18.9 40 1.62 30~53 | 23~70 | 20~92 | 107

Pabd relax (cmH-0) 31.5+10.9 32 0.88 25~38 | 18~44 | 8~50 | 69

Qmax (ml/s) 7.3%2.6 7 0.21 55~9 [ 4~10.7 | 29~13 | 15

Vyoid (ml) 250.8+119.9 | 234 10.09 | 167~315 | 114~406 | 63~560 | 628
Free uroflowmetry

Qmax (ml/s) 7.9+2.8 8 0.36 8~9.2 [4.2~11.4 ] 3.1~15 | 16.8

Vyoid (ml) 242.4+1099 | 233 13.99 | 167~301 | 120~374 | 87~493 | 689

Table 3. The mean value, standard deviation, median, 95% confidence interval (CI), and
50%, 80% and 95% typical value ranges as well as upper limit of 99% range for pressures,
Qmax and voided volume (Vyoiq) during voiding cystometry and free uroflowmetry
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Fig. 4. Type IV error related to typical value ranges for P4 during voiding. This type of
error shows that P.pq becomes negative during voiding due to over relaxation of pelvic floor,
and it leads to a meaningless Pqe: value that is higher than Pyes. The error usually has a low
initial resting Papg. In this case, during voiding Papq around Qmax is -4 cmH0, Pyes and Pyet
are 86 cmH>O and 90 cmH>O respectively; and initial resting Papq is 5 cmH>O, initial Pyes
and Pger are 9 cmH>O and 4 cmH,O respectively (type Ia error)

At end of voiding, TVR of Pyes, Paba and Pger were 40~55 cmH»O, 30~41 ecmH>O and 10~14
cmH,0 respectively (Table 4).

Mean+SD Median | 95% CI 50% 80% 95% 99%
Pyes (cmH20) 4851134 47 1.09 40~55 | 35~64 | 26~79 | 108
Pabd (cmH20) 34.3+10.0 35 0.81 30~41 | 22~45 | 10~50 61
Pget (cmH,0) 14.2411.3 11 0.92 10~14 | 13~19 | 16~29 | 47

Table 4. The mean value, standard deviation, median, 95% confidence interval (CI), and
50%, 80% and 95% typical value ranges as well as upper limit of 99% range for post-void
pressures in cystometry

Comparing these TVR with those before voiding, we found Pauq had little change, Pyes and
Pget were close to the levels before voiding. Also, there were two types of relevant errors.
One (type V error) was that Pyes and Py after voiding still kept high levels beyond their
TVR while a high post-void residual volume was ruled out. There may be two reasons
leading to this error: a. post-void Pyes is too high but Pa,g normal, and Pyes tracing becomes a
high level "dead" line during voiding due to the signal loss or urethral catheter dislocation
(Fig. 5a); b. post-void Papq is too low due to the rectal catheter dislocation or the signal loss of
Papg tracing during voiding (Fig. 5b).
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Fig. 5. Type V error related to typical value ranges for post-void pressures. A: type Va error
shows that P after voiding still keeps high levels beyond their TVR while a high post-void
residual volume is ruled out. It has a too high Pyes but a normal Papg; the reason is that Pyes
curve became a high level "dead" line due to the signal loss or the urethral catheter
dislocation during voiding. In this case, post-void Pget is 57 cmH>0, Pyes and Papq are 92
cmH>0O and 35 cmH,O respectively. B: type Vb error shows that Py after voiding still keeps
high levels. It has a too low P.pq because of the rectal catheter dislocation or the signal loss
of Papq tracing during voiding. In this case, post-void Pget is 70 cmH>0, Pyes and Papq are 79
cmH>0 and 9 emH>O respectively
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Another one (type VI error) was that Pyes and Pger became negative because the urethral
catheter was voided with the urine stream during voiding (Fig. 6).
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Fig. 6. Type VI error related to typical value ranges for post-void pressures. This type of
error shows that Pyes and Pges become negative after voiding because the urethral catheter
has been voided with the urine stream during voiding. In this case, post-void Pge is -70
cmH0, Pyes and Papg are -26 cmH0 and 44 ecmH>O respectively

3.2 Describing the typical signal patterns

Comparing the various types of signal patterns among Pyes, Paba and Pae tracings in different
cystometric phases, the results were shown in the following tables. From the statistical
analyses, we were able to describe typical signal patterns during different cystometric
phases. At beginning of filling, 91.8% of traces showed the identical fine structure and
microscopic changes between Pyes and Papq tracings while Pye tracing did not have this fine
structure and the microscopic changes. 7.7% of traces showed the different patterns between
Pyes and Papq due to the problems of signal transmission (Table 5). In the cough tests of
initial filling, 74.8% of traces had the equal pressure changes corresponding to the test-
coughs between Pyes and Papq while Pger did not show any change and deflection. 17.5%
showed the similar changes between Pyes and Py, which lead to some small biphasic
deflections on Pge tracing; these biphasic spikes were acceptable. 7.7% had the different
changes between Pyes and Pge, which resulted in the obvious up- or down-deflections; these
obvious spikes suggested the problems of pressure transmission (Table 5). In initial phase of
filling, only 3.1% of traces showed the macroscopic changes. 0.9% had straining, which was
characterized by the identical changes on Pyes and Papg tracings but not on Pge tracing. 2.2%
had rectal contractions, which showed the different changes among Pves, Pabda and Pet
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tracings: a positive wave on the Pauq tracing and a negative artifact on the Pqe tracing but not
on Py tracing (Table 5).

Pves and P abd Pdet Pves and Pdet
Identical | Similar |Different{Without| Little |Obvious|Identical|Different
no no no no no no no no
(%) (%) (%) (%) | (%) | (%) (%) (%)
Pattern I: 534 3 45 534 3 45 - -
fine structure (91.8) (0.5) (7.7) 1 91.8) | (0.5)| (7.7)
Pattern II: 534 3 45 534 3 45 - -
microscopic changes | (91.8) (0.5) (7.7) 1 91.8) | (0.5)| (7.7)
Pattern III: 435 102 45 435 | 102 45 - -

cough tests changes (74.8) | (17.5) (7.7) | (74.8) |(17.5)| (7.7)

Pattern IV:
macroscopic changes

a: straining 4 1 0 4 1 0 - -
(no=5) ) | @ | © | ®©) || ©

b: detrusor overactivity 0 0 0 0 0 0 0 0
(no=0)

c: rectal contractions 0 0 13 0 0 13 0 13
(no=13) 0) (0)] (100) (0)] (0) | (100) (0)] (100)

Table 5. Comparing the various of signal patterns among Pyes, Paba and Pqe tracings at
beginning of filling in 582 cystometries

During filling phase, 98.3% of traces showed the identical fine structure and microscopic
changes between Pyes and Papq while Pger trace did not have this fine structure and the
microscopic changes. 1.5% of traces showed the different patterns between Pyes and Papg due
to the problems of signal transmission (Table 6). In the cough tests at regular intervals
during filling, 67.0% of traces had the equal pressure changes corresponding to the test-
coughs between Pyes and Papg while Pger did not show any changes and deflections. 31.5%
showed the similar changes between Pyes and Papq, which lead to some biphasic deflections
on Pye tracing; these biphasic spikes were acceptable. 1.5% had the different changes
between Pyes and Pger, which resulted in the obvious up- or down- deflections; these obvious
spikes suggested the unequal pressure transmission (Table 6). There were various types of
typical macroscopic changes occurred during filling. 8.3% of 582 traces showed straining.
91.7% of 48 straining traces were characterized by the identical changes on Pyes and Papg
tracings but not on Pge tracing; but 8.3% showed the changes on Pge tracing due to the
different transmission to Pyes and Papq corresponding to straining. 33.7% of 582 traces had
detrusor overactivity, which showed that single or multiple unstable waves recorded on Pyes
and Pge tracings but not on Papq tracing. 17.4% of 582 had rectal activity, which showed
single or multiple rectal contractions recorded on P.uq tracing; and the changes among Py,
Papa and Pger tracings were different: a positive wave on the Paq tracing and a negative
artifact on the Py tracing but not on P tracing (Table 6).
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Pves and Pabd Pdet Pves and Pdet
Identical | Similar | Different]Without| Little |Obvious|Identical|Different
no no no no no no no no
(%) (%) (%) (%) (%) (%) (%) (%)
Pattern I: 572 1 9 572 1 9 - -
fine structure (98.3) | (0.2) | (1.5) | (98.3) | (0.2) (1.5)
Pattern II: 572 1 9 572 1 9 - -
microscopic changes | (98.3) | (0.2) | (1.5) | (98.3) | (0.2) (1.5)
Pattern III: 390 183 9 390 183 9 - -
cough tests changes | (67.0) | (31.5) | (1.5) | (67.0) | (31.5) | (1.5)
Pattern IV:
macroscopic changes
a: straining 44 4 0 44 4 0 - -
(no=48) 91.7) | (8.3) 0) (91.7) | (8.3) 0)
b: detrusor overactivity 0 0 196 0 0 196 196 0
(no=196) 0) 0) (100) 0) 0) (100) (100) )
c: rectal contractions 0 0 101 0 0 101 0 101
(no=101) 0) 0) (100) 0) ) (100) 0) (100)

Table 6. Comparing the various of signal patterns among Pyes, Paba and Pae tracings during
filling in 582 cystometries

Before voiding, 94.0% of traces had the equal rises in Pyes and Pang corresponding to cough
tests; 1.9% showed the small biphasic spikes; and 4.1% had the significant spikes, which
suggested the different pressure transmission (Table 7).

Pves and Pabd Pdet
Identical | Similar | Different | Without | Little | Obvious
no no no no no no
(%) (%) (%) (%) | (%) (%)
Pattern I: 531 5 46 531 5 46
fine structure (after voiding) 91.2) 0.9 (7.9) 91.2) | (0.9 (7.9)
Pattern III:
cough tests changes
a: before voiding 547 11 24 547 11 24
(94.0) (1.9) (4.1) (94.0) | (1.9) (4.1)
b: after voiding 509 24 49 509 24 49
(87.5) (4.1) (8.4) (87.5) | (4.1) (8.4)

Table 7. Comparing the various of signal patterns among Pyes, Pabq and Pge tracings before
and after voiding in 582 cystometries

During voiding, 91.2% of traces still kept the "live" signal on Pyes and Papa tracings, which
had the same fine structure and microscopic changes; but 7.9% showed the "dead" signals on
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Pyes or Papg tracing due to various causes, which showed the different fine structures and
microscopic changes (Table 8). Also, there were several types of typical macroscopic
changes occurred during voiding. 95.2% of traces showed the identical and simultaneous
increase and decrease on Pyes and Pget when detrusor contracted to void; 4.8% had the
atypical patterns due to urethral catheter dislocation or signal loss of Pyes during voiding.
However, there were three special patterns of detrusor contraction in our data: 0.9% after-
contraction, 3.4% fluctuation contraction and 3.1% unstable detrusor voiding. The traces
with after-contraction showed that Pyes and Paet increased after uroflow tracing; ones with
fluctuation contraction showed that Pyes and Py tracings fluctuated corresponding to the
simultaneous changes of uroflow tracing; ones with unstable detrusor voiding showed that
Pyes and Pge increased rapidly before uroflow tracing, then fell suddenly as soon as flow
started. 53.3% of 582 traces showed the different degrees of straining during voiding. 71.6%
of 310 straining traces were characterized by the identical changes on Pyes and Papg tracings
but not on Pye tracing. 28.4% showed various changes on Pge tracing, which were spikes
and dips on Pger curve due to the different transmission to Pyes and Papg corresponding to
straining. 2.1% of 582 traces had rectal contractions during voiding, which lead to different
patterns between Pyes and Paer, and were characterized by some dips on Pget curve. 15.3% of
582 traces showed the different degrees of relaxation of pelvic floor during voiding, which
were characterized by the different degrees of decreases on P.pq curve, and resulted in the
similar or identical changes on Pyes and Pget curves (Table 8).

Pyesand  Papa Pet Pyes and Paet
Identical | Similar | Different|Without| Little |Obvious| Identical | Different

no no no no no no no no

(%) | (o) | (o) | (%) [ (%) | (%) | (%) (%)

Pattern I: 531 5 46 531 5 46 - -
fine structure 91.2) | 09) | (79 | 91.2) | (0.9) | (7.9)
Pattern II: 531 5 46 531 5 46 - -

microscopic changes 91.2) | 09) | (79) | 91.2) | (0.9)| (7.9)

Pattern IV:
macroscopic changes

a: detrusor contraction 0 0 582 0 0 582 554 28
(no=582) 0) 0) (100) 0) ©0) | (100) (95.2) (4.8)

b: straining 220 2 88 220 2 88 - -
(no=310) (71.0) | (0.6) | (28.4) | (71.0) | (0.6) | (28.4)

c: rectal contractions 0 0 12 0 0 12 0 12
(no=12) © | © | ao| © [©]aon| © | o

d: relaxation 0 0 89 0 89 0 89 0
(no=89) © | © | aon | © |ao| © | awo | ©

Table 8. Comparing the various of signal patterns among Pyes, Paba and Pget tracings during
voiding in 582 cystometries
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After voiding, 91.2% of traces had the same fine structure between Pyes and Papq tracings,
which were "live" signal; but 7.9% showed the "dead" signals on Pyes or Papq tracings due to
various artifacts occurred during voiding. These traces had the different fine structures and
microscopic changes on Pyes and Papq tracings during and after voiding. After voiding, 87.5%
of traces had the equal pressure rises in Pyes and Papg corresponding to cough tests; 4.1%
showed some acceptable biphasic spikes on Pge tracing; and 8.4% did obvious spikes
suggesting the problems of signal quality during voiding (Table 7).

Pabd
43 [

Pves
28 cnH20 |
43|

Pdet
28 cnH20 |
a

Qura
2nls |
n.A

2 nin FDCC VBMP MF UE
s Tine: 2:81 Vura A nl Vinfus 61 nl
#¥ DaNTEC

B

Pahd
28 cnH20 |
43|

Pues
28 cnH20 |
43|

Pdet
28 cnH20 |
a

Qura
2nlrs |
a.a

4
T

3 nin c c c c ¢ c c FDc HDcSDcURCCcVBHPHF VE
Tine: 8:82 Vura A nl Vinfus 1 ml
#¥ DANTEC




98 Applications and Experiences of Quality Control

Pabd

Pves

28 cnH20 |
6|
Pdet

28 cnH20 |
5

Qura
2nlrs |
a8

A

2 nin c ctl C t2FD ND cSDURCCUB
A s Tine: 8:82 VUura A nl Vinfus 241 nl
#9 DaNTEC

Fig. 7. The fine structure (pattern I) and microscopic changes (pattern II) of signals. A: there
are the same fine structures on Pyes and Papq tracings at all stages of investigation, which show
the "live" signals with some minimal variations (noise); but Pqe tracing does not have fine
structure. B: fine structure becomes the stronger signal activity called microscopic changes
with patient's breathing and talking; Pyes and Pang tracings show the identical microscopic
changes, but Py4c tracing has no change. C: Pyes and Papg tracings keep identical changes with
patient's moving or position change, Pqe tracing does not show obvious changes

On the base of above-mentioned results, we can describe TSP of pressures during
cystometry from four gradations. At beginning of and during filling, Pyes and Papq tracings
have the identical fine structure, which showed the "live" signals with some minimal
variations (noise). The fine structure become the stronger signal activity corresponding to
the patient's breathing, talking or moving, which means that there are the same microscopic
changes on Pget and Papq tracings. Pge tracing dose not show any fine structure and
microscopic changes (Fig. 7a, b and c). When the cough tests are undergone at beginning of
filling or at regular intervals during filling, the equal major pressure changes on Pyes and
Pabq tracings are produced corresponding to the test-coughs; Pqe tracing dose not show any
changes, or at most, has some small biphasic spikes; these points suggest a high signal
quality (Fig. 8a, 8b). There may be several types of typical macroscopic signal changes.
Straining is characterized by the identical pressure changes on Pyes and Papg tracings in
response to strains but not on Pye tracing (Fig. 9a). Detrusor overactivity shows that single
or multiple unstable waves due to detrusor contractions are recorded on Pyes and Pget
tracings but not on Puq tracing (Fig. 9b). Rectal activity, which results from single or
multiple rectal contractions, is characterized by the different changes among Pyes, Papa and
Pget tracings: a positive wave on the P,pq tracing and a negative artifact on the Pye tracing
but not on Py tracing (Fig. 9c). Before voiding, Pyes and Papq have the equal response to the
cough tests; and there are may be some biphasic spikes on Pge tracing but without obvious
spikes (Fig. 8b). During voiding, Pves and Papq tracings still keep the "live" signals, and show
the same fine structure and microscopic changes; but Py tracing does not have (Fig. 10).
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) DANTEC —

Paba tracings show equal pressure changes corresponding to cough tests at beginning of
filling and during filling at regular intervals; there is no obvious changes on Pge tracing. B:
Pyes and Papg tracings show equal pressure changes corresponding to cough tests before and

after voiding; there is no obvious changes on Py tracing
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Fig. 9. The macroscopic changes of signals during filling: straining, detrusor overactivity and
rectal contractions (pattern IV). A: straining is characterized by the identical signal changes on
Pyes and Pgpq tracings corresponding to strains but not on Pye tracing. B: detrusor overactivity
shows that the unstable waves on Pyes and Pget tracings but not on Papq tracing. C: rectal
contractions are characterized by the different changes among Pyes, Pabd and Pget tracings: the
positive waves on Papg tracing and the negative dips on Pge tracing but not on Pyes tracing
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Fig. 10. The fine structures and microscopic changes during and after voiding (pattern I and
II). During and after voiding, Pyes and Papq tracings still keep the "live" signals, and show the

same fine structure and microscopic changes; but Pqe tracing does not have
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Fig. 11. The macroscopic changes of signals during voiding (pattern IV): the different patterns
of detrusor contraction. A: typical pattern: typical detrusor contraction shows the smooth and
identical pressure increase and decrease on Pyes and Pget tracings corresponding to the
simultaneous changes on uroflow tracing. B: special pattern: after-contraction is characterized
by that Pyes and Pget increase after uroflow tracing. C: special pattern: fluctuation contraction

shows that Pyes and Pge tracings fluctuate corresponding to the simultaneous changes of

uroflow tracing. D: special pattern: unstable detrusor voiding shows that Pyes and Pget
increase rapidly before uroflow tracing, then fall suddenly when flow starts
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There may be several types of typical macroscopic changes occurred during voiding.
Typical detrusor contraction shows identical and simultaneous pressure increase and
decrease on Pyes and Py tracings (Fig. 11a); but there are some special patterns of detrusor
contraction, for example, after-contraction, fluctuation contraction and unstable detrusor
voiding. After-contraction is characterized by that Pves and Pdet increase after uroflow
tracing (Fig.11b); fluctuation contraction shows that Pves and Pdet tracings fluctuate
corresponding to the simultaneous changes of uroflow tracing (Fig. 11c); unstable detrusor
voiding shows that Pves and Pdet increase acutely before uroflow tracing, then fall
suddenly as soon as flow starts (Fig. 11d). Straining is characterized by the identical
pressure changes on Pves and Pabd tracings but not on Pdet tracing (Fig. 12a). Rectal
contractions lead to different patterns between Pves and Pdet, and are characterized by
some dips on Pdet curve (Fig. 12b). Relaxation of pelvic floor is characterized by the
pressure decreases of different degrees on Pabd tracing, and the changes on Pves and Pdet
tracings are similar or identical (Fig. 12c). After voiding, Pves and Pabd tracings still have
the same fine structure and microscopic changes with "live" signal, and keep the equal
response to the cough tests; they indicate that there is a good signal quality during voiding
(Fig. 8b, Fig. 10).
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Fig. 12. The macroscopic changes of signals during voiding (pattern IV): straining, rectal
contractions and relaxation of pelvic floor. A: straining is characterized by the identical
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pressure changes on Pyes and Papq tracings but not on Py tracing. B: rectal contractions lead
to different patterns between Pyes and Pge, and are characterized by two dips on Pget curve.
C: relaxation of pelvic floor shows the pressure decreases of different degrees on Papg
tracing, and the changes on Pyes and Pge tracings are similar or identical
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Fig. 13. The errors and artifacts related to fine structure and minor changes. A: fine structure
and minor changes on Py tracing disappeared during filling phase, suggesting the
problems of signal quality. B: fine structure and minor changes on Py tracing disappeared

during voiding
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phase, suggesting the problems of signal quality or other artifacts occurred
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Fig. 14. The errors and artifacts caused by the different responses to cough tests between Pyes
and P.pq tracings during different phases. A: there are some up- or down deflections and
biphasic spikes on Pget tracing due to the different pressure transmissions between Py.s and
Papa tracings during filling. B: Py tracing does not respond to cough-test before voiding, then
a Pyes tracing with "dead" signals appear during voiding. C: Py tracing does not respond to
cough-tests after voiding, this suggests the signal loss on Py tracing during voiding

According to above-mentioned TSP, we gave some examples for atypical signal patterns or
artifacts to indicate the role and significance of TSP in quality control during cystometry. As
the indicator of "live" signals, fine structure and minor changes should exist at all stages of
investigation; their disappearance indicated the certain problems of signal quality. Fig. 13a
and 13b showed that fine structure and minor changes on Py tracing disappeared during
filling and voiding phases respectively. Cough test is a powerful tool to examine the signal
quality during different cystometric phases; the different response to test-coughs between
Pyes and Papg tracings suggested the problems of pressure transmission and other artifacts.
Fig. 14a showed some deflections and biphasic spikes on Pge tracing due to the different
pressure transmissions during filling; Fig.14b showed that Py.s did not respond to cough-
tests before voiding, then a Py tracing with "dead" signal appeared during voiding; Fig.14c
showed that Pyes did not respond to cough-tests after voiding, this suggested the signal loss
on Py tracing during voiding. Therefore, the cough tests before and after voiding are
especially important for signal quality control during voiding. The different response to
straining between Pyes and Py can lead to some artifacts on Pge tracing; Fig.15a showed this
type of artifact occurred during filling; Fig.15b showed some spikes on Py tracing due to
the different transmissions to straining during voiding. The sudden pressure drops on both
Pyes and Pyt tracings often suggest urethral catheter loss during voiding (Fig.16). The scale
of signal is the base of TSP recognition; a changed scale often leads a wrong impression.
Fig.17 suggested that an enhanced scale on Pge: lead to an obvious fine structure on Pge
tracing, which was not equal to the subtraction between Py and Papq tracings.
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Fig. 15. The errors and artifacts resulted from the different responses to straining between
Pyes and Papg tracings. A: there are some artifacts on Pye tracing due to the different
transmission to straining during filling. B: some spikes on Py tracing due to the different

transmission to straining during voiding
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Fig. 16. The sudden drops on both Pyes and Pget tracings suggest urethral catheter loss during
voiding
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Fig. 17. The artifacts related to the signal scale: a changed scale often leads a wrong
impression. This case shows that an enhanced scale on Pq. leads to an obvious fine structure
on Py tracing, which is not equal to the subtraction between Pyes and Papg tracings
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3.3 Retrospective quality control of urodynamic data
582 (96.0%) of 606 pressure-flow traces were included and analyzed; 24 (4.0%) traces had to
be discarded due to non-interpretable and non-correctional artifacts.

3.3.1 Artifacts during filling phase

4.5% of 582 traces had the negative initial resting Pdet (Fig. 2); and 1.4% had over high initial
resting Pdet (Fig. 3). 31.5% of 582 traces showed the biphasic spikes, and 1.5% showed
obvious deflections (14a). 1.6% of 582 traces showed the phasic loss of pressure signals; 1.0%
showed stepwise changes on Pves or Pabd tracings.

3.3.2 Artifacts during voiding phase
81.8% (476/582) traces showed obvious artifacts of Qmax (Fig. 18a, b); 23.1% of 476 traces
were corrected for the location of Qmax on uroflow tracing (Fig. 19a, b).
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Fig. 18. Artifacts of Qmax on a main uroflow curve. A: the additional modifications in
flowrate showed many small spikes on uroflow curve due to uroflowmeter. B: a spike
artifact located at the highest plateau on a main uroflow curve due to straining
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Fig. 19. Artifacts of Qmax at beginning and end of voiding. A: a spike artifact occurred at
beginning of uroflow changed the location of Qmax in computerized data analysis. B: the
spike artifacts appeared at end of uroflow tracing due to straining changed the location of

Qmax in computerized data analysis
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Fig. 20. The technical artifacts on pressure tracings. A: a periodic signal loss on Py tracing
occurred at earlier stage of voiding. B: the signal stepwise changes on Py tracing appeared
during voiding. C: urethral catheter was fallen out during voiding

Concerning technical artifacts during voiding, 1.4% of 582 traces showed the phasic loss of
pressure signals (Fig. 20a); 3.4% had stepwise changes on Py tracing (Fig. 20b); 0.9% traces
were found that urethral catheter was fallen out during voiding (Fig. 20c); and 2.2% traces
were with the dislocation of rectal catheter.

With respect to the physiologic artifacts, 15.1% of 582 traces showed the spikes on Pget
tracing due to straining (Fig. 21a); 2.1% had the dips on Pge tracing due to rectal contractions
(Fig. 21b); 10.1% showed the spikes or dips on Pge tracing caused by urethral sphincter
overactivity (Fig. 22a, b).

3.3.3 Effects of quality control

Comparing the manual values of pressure-flow data with computerized ones, we found the
changes in parameters and urethral resistance, and in grading, classifying and diagnosing of
obstruction after correction. Qmax had a consistently significant decrease (p<0.001 ), with a
mean of 1.17 ml/sec, and had a changed range of -0.5~10.4 ml/sec. Pgetomax had
inconsistent changes with a slight systematic increase, with a mean of 0.75 cmH,O, but no
significant variation was demonstrated (P>0.05). Concerning the changes of Pgetqmax after
manual correction, 321 (55.2%) of 582 traces had a significant increase (p<0.01), with a mean
of 490 cmH>O; 184 (31.6%) had a no significant decrease (p>0.05), with a mean of 6.16
cmH>O; 77 (13.2%) did not change; and 505 (86.8%) underwent intra-individual changes
with a range of -70 ~ 56 cmH;O. OCO underwent a systematically significant increase by
0.067 on average (p<0.05); intra-individual changes were inconsistent, with a range of -1.379
~0.995 (Table 9,10 fig. 23, 24, 25).
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Fig. 21. The physiologic artifacts on pressure tracings. A: the spikes on Pge tracing due to a
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Fig. 22. The physiologic artifacts on pressure tracings due to urethral sphincter overactivity
during voiding. A: the spikes on Pqe tracing caused by urethral sphincter contractions
during voiding. B: the dips on Py tracing resulted from urethral sphincter relaxation during
voiding
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Correlation coefficients (r) of Qmax, Pdetomax and OCO between computerized and manual
readings were 0.909, 0.969 and 0.970 respectively (Table 9).

Computerized| Manual Change |p Value| r
Qunax (ml/sec) 8.46 +2.87 729+262 | 1.17+1.20 | <0.001 | 0.909
PdetQmax (cmH20) 75.75+33.34 76,50+ 31.67| -0.75+8.31 | 0.346 [ 0.969
Increased Pdetqmax (cmH0) 68.93 +£25.44 |73.83+25.38( -4.90+6.71 | 0.007 | 0.965
Unchanged Pyetqmax (cmH20 ) | 74.22 +35.32 | 74.22 +35.32 0 1
Decreased Pget.omax (cmH>0) 88.28 +40.48 | 82.13 +38.65| 6.15 + 7.86 | 0.068 | 0.981
OCO 1.359 £0.664 |1.426 +0.652 |-0.067 = 0.162( 0.040 | 0.970

Table 9. Changes of parameters of pressure-flow studies after manual correction ( mean+

SD)
Computerized values |Manual values Changes
Median Range |Median| Range [Median| Range

Qmax (ml/ sec) 8.2 1.6~186| 7 |[12~167[ 09 |-05~104
Pyet.Qmax (cmH20) 69 2 ~264 70 |20~246| -1 -70 ~ 56
Increased Pget.omax (cmH20) 67 2~159 70 |28~161| -3 -70~-1
Unchanged Pget.qmax (cmH20) 62 29~246 | 62 |[29~246

Decreased Pgetomax (cmH0) 75 33~264 | 70 |20~240| 3 1~56
OcCo 1.223 0.03 ~4.87| 1.30 |0.35~4.9| -0.06 |-1.38 ~ 1.0

Table 10. Changes of parameters of pressure-flow studies after manual correction

With respect to the decreased degree of Qmax after correction, the percentages of decrease of
<0,0.1~0.9, 1~1.9, 2~2.9, 3~3.9 and >4 ml/sec were 2.1%, 54.1%, 29.0%, 8.4%, 3.4% and 3.0%
respectively (Fig. 23 ). Concerning the changed degree of Pgctomax, the percentages of
increase of 1~9, 10~19 and >20 cmH20O were 49.3%, 3.4% and 2.4% respectively; the
percentages of decrease of 1~9, 10~19 and >20 cmH>O were 25.8%, 3.6% and 2.2%
respectively (Fig. 24). Concerning the changed degree of OCO, the percentages of increase of
0.001~0.04, 0.05~0.14, 0.15~0.24, 0.25~0.49 and >0.5 were 22.5%, 44.0%, 7.7%, 5.0% and 2.2%
respectively; the percentages of decrease of 0.001~0.24 and >0.25 were 5.5% and 13.1%

respectively (Fig. 25).
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The percentages in classification using ICS nomogram and in grades using Schifer
nomogram were shown in Table 11. Comparing these percentages of manual results with
computerized ones, a significant systematic difference was found. Using ICS nomogram,
the obstructed percentage increased from 69.8% to 73.9% (p<0.05), and unobstructed one
decreased from 8.8% to 5.3% (p<0.05). Using Schifer nomogram, the obstructed
percentage (III-VI) increased from 72.5% to 77.3% (p<0.01), and unobstructed one (0-I)
decreased from 9.1% to 5.5% (p<0.01). Systematically, the distribution and degree of
obstruction had a significant increase after correction. However, the intra-individual
changes of classification and grade were different. After manual correction, 64 (11.0%) of
582 traces changed the classification in ICS nomogram. 53 (82.8%) of 64 traces increased
obstructed degree, and 11 (17.2%) decreased one using ICS nomogram (Table 12). Using
Schéfer nomogram, 168 (28.9%) of 582 traces changed the grade after correction. 143
(85.1%) of 168 traces increased obstructed degree, and 25 (14.9%) decreased one. A trace
with a great change moved from 0 to IV grade, and the most of traces (94.6%) changed one
grade after correction (Table 13).

Computerized  reading Manual reading
No % No % p Value
ICS nomogram <0.05
Obstructed 406 69.8 430 73.9
Equivocal 125 21.5 121 20.8
Unobstructed 51 8.8 31 5.3
Schéfer nomogram <0.01
0 6 1.0 1 0.2
I 47 8.1 31 5.3
I 107 18.4 100 17.2
I 179 30.8 164 28.2
v 166 28.5 182 31.3
\% 40 6.9 64 11.0
VI 37 6.4 40 6.9

Table 11. Difference of percentages between computerized and manual reading in
classifications of ICS nomogram and in grades of Schéfer nomogram
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No %
Unobstructed — Equivocal 21 32.8
Equivocal — Obstructed 30 46.9
Unobstructed — Obstructed 2 3.1
Equivocal — Unobstructed 3 4.7
Obstructed — Equivocal 8 12.5
Total 64 100
Shifting into obstructed zone 32 80
Shifting out of obstructed zone 8 20
Total 40 100

Table 12. Shifts of measurements in classification of ICS nomogram after manual correction

After manual correction, 40 (6.9%) of 582 traces changed the diagnosis of obstruction using
ICS nomogram,; 32 (80%) of 40 traces shifted into obstructed zone, and 8 (20%) shifted out of
one (Table 4, fig. 5, 6). Using Schéifer nomogram, 42 (7.2%) of 582 traces changed the
diagnosis of obstruction. 35 (83.3%) of 42 traces moved from <III to >III grade, and 7 (16.7%)
moved from >III to <III grade (Table 13).

No %
Increased 1 grade 135 80.3
Increased 2 grades 6 3.6
Increased 3 grades 1 0.6
Increased 4 grades 1 0.6
Decreased 1 grade 24 14.3
Decreased 2 grades 1 0.6
Total 168 100
<III - >1II grade 35 83.3
> Il — < 1II grade 7 16.7
Total 42 100

Table 13. Changes of measurements in grading of Schifer nomogram after manual correction

4. Discussion

Quality control involves in urodynamic investigation and retrospective analysis. Quality
control and plausibility check during investigation are the best way to avoid and to correct
artifacts at an early stage; quality control in retrospective analysis is also necessary. Quality
control relies on knowledge of typical values and signal patterns recognition (Schifer 1998).
The urodynamic standards for quality control and their application in clinical urodynamic
practice will be discussed from these aspects.



Development of Urodynamic Standards for Quality Control 123

4.1 Quality control relies on knowledge of typical values

Quality control and plausibility check during investigation are necessary for collecting of
reliable and accurate urodynamic data, which are free of the technical errors and artifacts.
The typical value ranges, especially TVR for initial resting pressures, are the tool for
checking the plausibility of measurement quantitatively. The correct initial resting pressures
are the important factors to undergo a good cystometry; and a wrong resting pressure
usually is beyond its typical value range. The proper initial resting pressures indicate two
means: one is correct zero setting, another one is correct pressure reference level establishing
according to the standard of ICS. The ICS has defined that all systems are zeroed at
atmospheric pressure, and the pressure reference point is the level of the superior edge of
the symphysis pubis (Abrams et al. 1988). However, there are still some investigators who
do not obey the standard of ICS, and continue to use initial resting Pyes and Papq as zero by
balance. This is a common mistake in clinical urodynamic practice, and often leads to above-
mentioned type I and type IV errors. Our study found that the relaxation of pelvic floor
during voiding was a typical physiologic behavior. It appears that type I error has a normal
P4er value. However, type la error has either a lower P.pq or a lower Pyes due to intra-rectal
and intravesical zero setting; this lower P,,q often becomes negative during voiding because
of over-relaxation of pelvic floor. With a negative Papq, a Pget value higher than Pyes can be
calculated, but this Pge is meaningless; this is called type IV error. Type Ib error often is
caused by a wrong pressure reference level establishing. It seems that this error does not
lead to any serious consequences for Pget is normal; but it should be corrected for the
purpose of quality control and standardisation. Type I and IV errors can be avoided and
solved by setting zero and establishing a pressure reference level correctly.

Type II error shows a negative initial resting Pdet caused by the atypical initial resting Pyes
and Papq values. Type Ila error has a lower Pyes than typical value, which often results from
the problems of pressure transmission in urethral catheter and tubing, for example, air
bubbles, catheter blocked and urethral catheter dislocation. It can be corrected by flushing
gently through the Pyes transducer and tubing or adjusting the position of urethral catheter.
Type IIb error has a higher P4 than typical value, which often is related to an over-filling of
rectal catheter balloon. Reducing the balloon filling to a proper volume and adjusting the
Pabd to its typical range can solve this type of error.

Type III error shows a too high initial resting Pget. In our study, 10 cmH,O pressure has been
suggested as the upper limit of a maximum possible resting value for Pge;. We have found
that Pget increases 5~6 cmH>O during filling phase according to the typical value range; then,
an over 10 cmH,O initial resting Pge; seems to be impossible if the detrusor overactivity has
been ruled out. However, this value is relatively definite. Type Illa error has a relatively
higher P.s than typical range, which is often due to the problems of pressure transmission
of Pyes, for example, urethral catheter blacked, urethral catheter dislocation. The solution is
the same with that of type Ila error. Type IlIb error has a relatively lower P.pq than typical
range, which is often related to a less filling volume of rectal catheter balloon or rectal
catheter dislocation. Re-filling the balloon to a proper volume or adjusting the position of
rectal catheter can correct this type of error.

From the above-mentioned analyses for the technical errors, it can be demonstrated that
the suggested typical value ranges for initial resting pressures are sensitive and reliable
indicator for a plausible and correct measurement. These ranges developed from our
retrospective data analysis and calculation are in accord with ones recommended by
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Schéfer in the ICS Standardization Report " Good Urodynamic Practice "; for example, our
calculated range for initial resting Pget is 0~4 cmH;O, and recommended range is 0~5
cmH>O (Schaefer et al. 2002). It means that the initial resting detrusor pressure should be
close to zero. However, our suggested TVR for Pge is not simply equal to a direct
mathematical subtraction between two TVR of Pyes and Papa. The reason may be that our
study has been performed on the base of conventional cystometric data, and these data
contain considerable cases with negative initial resting Pger. This leads to the difference
between the ranges from statistical analysis for data and ones from the direct mathematical
subtraction. However, we think the former is much more suitable to the present situation
of clinical urodynamic practice. On the other hand, these suggested typical value ranges for
initial resting pressures can only be used in the sitting or standing position. For supine
position, the ranges for Pyes and Papq are lower than those of standing and sitting positions;
but the typical range for Pge is the same among all positions. Moreover, our study has
found that 11.5% of traces with negative initial resting Pge: recover the typical positive Pge
value during initial 30 seconds of filling. This type of short-time negative initial Pye; is often
related to two causes. One is the rectal contractions during this period of time. Another one
is that the contact of catheter tip with bladder wall interferes with the pressure
transmission in initial filling phase. Once the tip leaves bladder mucosa with the increase
of media around it, the pressure transmission will become normal. In these cases, the
measurements can go on well. If a negative initial pressure continues for a longer period of
time, the pressure signals will deteriorate further; and the measurement will have to be
stopped to check and correct the errors. In this situation, a repeated measurement is often
necessary to get a reliable result. Generally, using the typical value ranges for initial resting
pressures is an effective for the plausibility check and quality control of cystometry, and is
a reliable indicator of good investigation.

Our results suggest that detrusor pressure usually increases 5~6 cmH,O during filling in
50% TVR, and TVR of detrusor compliance is 26.6~70.8 ml/ cmHO. Then, it is necessary to
determine the dependency on the filling speed by interrupting filling for some period of
time when a significant steady pressure increase beyond above-mentioned change range
and TVR of compliance is observed. On the other hand, MCC recorded at end of filling
should be comparable with the typical voided volume recorded in bladder diary of patient.
One of the significant parameters during voiding is Papa at relaxation. In our study, TVR of
this pressure value is 25~38 cmH;O. It means that during voiding P.pq has a decrease with a
mean of 2.7 cmH>O due to the relaxation of pelvic floor; therefore, relaxation during voiding
is a typical physiological pattern. However, it may be lead to type IV error when it combines
with a wrong lower initial resting Papq. At this time, a repeated measurement with correct
initial resting pressures will be necessary. This study has indicated that Qmax and Vyeig
recorded in cystometry are comparable with those of free uroflowmetry; then, they are also
important values for plausibility control of voiding cystometry. It means that a free
uroflowmetry with an over 150 ml V.4 before cystometry is necessary, and Qmax and Vyoid
from cystometry should be comparable with those of free uroflowmetry.

Although it is impossible to specify typical pressure values ranges at initial voiding, the
similar typical value ranges as for the initial resting pressures may be applied for the post-
void pressures. It is important to record a longer post-voiding phase until the pressure
values return to the plausible resting value levels. In view of this, we have also suggested
TVR for post-void resting pressures for the plausibility control of voiding phase. It is
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interesting that 50% TVR for post-void Papq is the same with that of filling end. It means that
Pabg has not obvious difference before and after voiding except for during voiding. TVR for
post-void Pyes and Pge are slightly higher than those of filling end, and Pge: has an increase
with a mean of 6 cmH>O. This slight increase is acceptable, and is related to the post-void
residual volume. In the elderly males with LUTS, the post-void residual volumes of
different degrees are typical pathophysiological changes for this population. Therefore, the
suggested TVR for post-void pressures are with the specificity of population. With the view
of quality control, post-void Pyes and Pget should be close to ones at end of filling as much as
possible except for the factor of high post-void residual volume. If unlike this, it suggests the
problems of signal quality during voiding. Using a similar strategy to the initial resting
pressures, we also can define two types of errors associated with voiding phase. Type V
errors show a significant high post-void Pyes and Pge; that are not relevant to a high post-
void residual volume. Type Va error is caused by the signal loss ("dead" signal) of Py or the
urethral catheter dislocation during voiding. If this error occurs before Qmax arriving, or a
complete pressure-flow analysis is requested, a repeated measurement will be necessary.
Type Vb error is related to the rectal catheter dislocation or the signal loss of Papq tracing
during voiding. Because Papq is relatively unchangeable before and after voiding, it seems
that this type of error can be corrected using TVR for Papq. However, if the accurate Qmax and
Pget.omax are required in the precise pressure-flow analysis, the repetition will be unable to be
avoided. Type VI error often results from the urethral catheter loss during voiding. For this
type of error, the strategy for repetition is the same with that of type Va error. Generally,
TVR of post-void pressures also are important for plausibility check and quality control
during voiding cystometry. It seems to be more difficult to define an unvague upper limit
for TVR of post-void Pdet because of the considerable variability. Usually, the solution for
the errors and artifacts during voiding phase is repetition.

4.2 Quality control relies on signal patterns recognition

Quality control of urodynamic data relies on either static resting values in typical range,
which is quantitative plausibility check for signal quality, or dynamic typical signal
patterns, which is qualitative plausibility check for signal quality. To acquire the high
quality urodynamic data, the investigators must conscientiously observe the signal patterns
and changes at all stages of the investigation together with continuous signal testing.
Therefore, keeping the above-described typical signal patterns in mind is necessary; the aim
is at first to avoid artifacts and at second to identify and to correct all atypical signal patterns
and artifacts immediately during investigation.

We can check the signal plausibility through examining the signal quality from four
gradations of TSP during any phases of study. Before or at beginning of filling, a high
quality signal must have the same fine structure between Py and Papg tracings (pattern I);
must show the identical minor changes in response to the patient's activity, for example,
breathing, talking or moving (pattern II); and must show the equal major changes
corresponding to cough tests (pattern III). Pge tracing dose not have any significant
changes. If there are not any fine structure and minor changes on Pyes or Papq tracings, or
there are some obvious up- or down-spikes on Pge tracing corresponding to the test-
coughs, the investigation will be unable to start or will be stopped to check the cause for
poor signal quality. The common causes and the correction for them can be described as
the following. The bubbles existed in catheters or tubings often lead to a problem for
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pressure transmission; then, both the bladder and rectal lines should be flushed once more
to ensure that all bubbles have been removed. The connection leaks may result in a low
pressure signal. When the leaks are demonstrated by flushing, all connections in the lines
must be examined and tighten to correct them. An urethral chatter located in the bladder
neck or urethra, or a rectal catheter closed to the anal verge may also lead to the problems
of signal quality. In these cases, the catheter positions must be adjusted to ensure urethral
catheter in the bladder, or to position the rectal catheter around 10 cm above the anal
verge. Sometimes, faecal loading may interfere with the signal of P,g; therefore, the patient
must be asked to remove it before investigation. A catheter blocked or a catheter with a
kink can hinder the pressure signal transmission. In these cases, it is necessary to flush
catheter or to renew one. Once these errors are corrected, the typical and proper signal
patterns are observed, and equal changes corresponding to test-coughs between Pyes and
Papa are demonstrated, the bladder filling can start or recommence with the high quality
signals. In the initial filling phase, there often are two types of major changes: straining and
rectal contractions (pattern IV). Straining also is a tool for testing signal quality
automatically; and the good-quality signals must have the equal responses to straining
between Pyes and Papga. The initial rectal contractions often are related to faecal loading or a
big balloon filling volume. Rectal contraction may lead to a negative initial Pyer. With rectal
contractions, a measurement may go on as they can be corrected in retrospective analysis;
however, the interference from rectal contractions should be ruled out in a perfect
measurement. It is very important to observe and test signals, and to correct any errors
before starting investigation. The high-quality initial resting signals are the premise to
finish a precise and reliable cystometry.

Usually, the perfect signals at beginning of measurement stay throughout all investigation.
However, it is possible that the signal quality deteriorates at any stage of cystometry, both
good and bad initial signals. Therefore, the conscientious observation of signal quality and
the plausibility control of signals during filling phase are crucial too. The strategy for TSP
recognition and analysis during filling is the same with the initial filling phase; it is also
carried out from four gradations of TSP. At any moment of filling phase, we must observe
the signal patterns from four gradations: fine structure, minor changes, test-cough changes
and major changes, and compare them among Pyes, Pabd and Pge tracings. If the deterioration
of signal quality is occurred, or atypical signal patterns are observed at any stage, the
investigation must be stopped and the causes of poor signal quality must be found. The
investigation can continue after errors have been corrected. For the high-quality signals
during filling, Pyes and Papq must have the same fine structure (pattern I); must show the
identical minor changes in response to the patient's activity, for example, breathing, talking
or moving (pattern II); and must have the equal major changes corresponding to test-coughs
(pattern III). There are no fine structure and minor changes on Py tracing; at most, there
may be some small biphasic spikes corresponding to test-coughs on it. If fine structure and
minor changes on Pyes or Papa tracings disappear, or the obvious up- or down-spikes appear
on Pye tracing corresponding to the test-coughs at regular intervals, these points suggest an
indicator of signal quality deterioration. In these situations, the investigation has to be
stopped to investigate the causes for poor signal quality. Usually, the causes can be found as
the following. Firstly, the bubbles existed in catheters or tubings do not be flushed
completely, or appear again because of a loose connection. Secondly, the connection leaks
do not be corrected completely. Thirdly, the urethral catheter moves into the bladder neck
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or urethral, or rectal catheter moves into the anal verge. Fourthly, faecal loading influences
the signal of P,pg. For the correction of these errors, the methods are the same with those of
initial filling phase. Finally, the contact of catheter tip with bladder wall often interferes with
the pressure signal transmission; flushing through urethral catheter can correct this error.
Usually, there are three types of typical major changes during filling: straining, detrusor
overactivity and rectal contractions (pattern IV). Like the test-coughs, straining can test
signals automatically; the good-quality signals show the equal changes on Pyes and Papa
tracings corresponding to straining, and no changes occur on Pge tracing. Unlike this, the
causes of poor signal transmission must be checked. Detrusor overactivity is a typical major
signal pattern during filling, which appears in the forms of single or multiple unstable
detrusor contractions in 33.7% traces analyzed. We must familiarize ourselves with this
typical pattern in order to discriminate from the atypical patterns. The changes on Pyes and
Papg tracings are identical when the unstable detrusor contractions occur. However, the
technical factors resulting in detrusor overactivity, for example, fast filling or too cold media
for filling, must be checked and removed. Rectal activity is another typical major signal
pattern during filling, which is characterized by single or multiple rectal contractions. Its
incidence is 17.4% in the traces analyzed. We must also recognize this typical pattern. There
is a positive wave on Pag tracing and a negative wave on Pge tracing when a rectal
contraction happens. Faecal loading and a big balloon filling volume often lead to the rectal
contractions. With rectal contractions, the measurement may continue because they can be
recognized and corrected in retrospective analysis as artifacts. However, if the rectal
contractions interfere with the data analysis, especially with the analysis for detrusor
overactivity, a repeated measurement will usually be necessary. During filling, the cough
tests at regular intervals, for example every minute, are the powerful tool for checking the
plausibility of signals.

Usually, the plausibility control of signals during voiding is difficult; therefore, it is very
important to ensure the high-quality signals to go into voiding phase. For this purpose, the
cough tests before voiding are the effective tool for ensuring the good signal quality. If there
are the obvious different changes between Pyes and Papg tracings corresponding to the test-
coughs before voiding, this will be an indicator of signal deterioration, and these signals can
not be allowed into voiding (Fig. 14b). In this situation, the investigation must be
interrupted to examine for the causes of poor signal quality, and to rule them out. The pre-
voiding phase may be recorded for a period as long as possible in order to get sufficient
information for a signal control and to have enough time to test signals by coughs.

As voiding phase goes on quickly, and more complex anatomical and physiological aspects
are involved in this process, quality control during voiding is difficult. Comparing with
before and during filling phases, we can do fewer things for signal quality control and
plausibility check. However, we must still keep conscientious observation of signals and
TSP recognition for there are various artifacts occurred during voiding. Firstly, there are the
same fine structure (Pattern I) and minor changes (pattern II) on Pyes and Papq tracings,
which suggest that the signals are "live". When fine structure and minor changes on Pyes or
Pabq tracing disappear during voiding, the tracing often shows the stepwise changes with a
"dead" line or a sudden drop (Fig. 14b, 14c, Fig. 16). One of the common causes is the
catheter dislocation or loss. Urethral catheter often moves into the bladder neck or the
sphincter area, or is projected with the urine stream during voiding. Similarly, rectal
catheter often slips down into the anal sphincter area, or falls out. If these errors appear
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before maximum uroflow rate (Qmax) or a complete voiding is request for the purpose of
pressure-flow analysis, the measurement should be repeated. Secondly, typical major signal
patterns (Pattern IV) must be recognized. During voiding, typical pattern of detrusor
contraction is easy to identify (Fig. 11a); however, identification usually is difficult when
some special patterns appear. After-contraction is a common finding and a normal
phenomenon (Fig. 11b). Fluctuation contraction often associates with detrusor underactivity,
which suggests that detrusor is unable to empty the bladder depending on once a
contraction (Fig. 11c). This type of fluctuation contraction must be distinguished from that of
detrusor-sphincter dyssynergia. The former shows the simultaneous changes among Py,
Pget and uroflow tracings, but the latter has the rapid increases of Pyes and Pget between two
urine spurts. Usually, a unstable detrusor may get to a high pressure level before voiding
due to involuntary contraction, the pressure drops suddenly as soon as uroflow starts (Fig.
11b). This unstable detrusor voiding often leads to an illusion. Straining is one of the most
common typical patterns during voiding, which is found in 71% traces analyzed. With the
good signal quality and the equal signal transmission, there will not be any artifacts on Pqet
tracing. When the signal transmissions between Py and Pge: tracings are unequal, there will
be some spike artifacts on Pge: tracing (Fig. 15b), which must be corrected in retrospective
analysis. Rectal contraction also is a type of TSP during voiding, which occurs in 2.1% traces
analyzed. Rectal contractions may lead to the dip artifacts on Pge tracing, which can be
corrected in retrospective analysis. Relaxation of pelvic floor during voiding is another type of
TSP, which appears in 15.3% traces analyzed. Relaxation indicates the significance of the high-
quality recording of P.q, which can eliminate the impact of perivesical pressures on Pyes.
During voiding, Pyes and Pge tracings increase and decrease with detrusor contraction smooth
and steady. If they drop suddenly, the common cause is the catheter's dislocation or loss.

The plausibility check for signals and signal tests after voiding are necessary for
demonstrating the signal quality during voiding, and for ensuring the high-quality
pressure-flow data. A longer post-voiding recording phase can provide us with sufficient
information for quality control and enough time to test signals. In this phase, cough tests
are the powerful tool to check the signal quality during voiding. After voiding, there still
are the identical fine structure and minor change on Pyes and Papg tracings, and the
tracings show the equal changes corresponding to test-coughs; these points suggest the
high-quality signals during voiding. If not, the causes of poor signal quality must be
checked. The common causes also are the catheter's dislocation or loss, and signal loss on
Pyes or Papg tracing (Fig. 13b, Fig. 14b, 14c and Fig.16). If these errors appear before Qmax or
a complete voiding is request for a precise pressure-flow analysis, the investigation must
be repeated.

Finally, pattern recognition is based on the scales of signals. A changed scale often leads an
illusion; therefore, the scales should be kept unchanged as much as possible either during
investigation or in retrospective analysis (Fig. 17).

4.3 Quality control in retrospective analysis

The best way of quality control is to avoid artifacts and technical errors and to eliminate
them at an early stage during investigation; the retrospective correction is the worst
solution. However, retrospective correction is unable to be lacked for the artifacts existed,
especially in computerized data. In our retrospective analysis, artifacts during filling were
mainly related to the wrong initial resting pressures, spikes due to test-coughs and periodic



Development of Urodynamic Standards for Quality Control 129

signal loss or stepwise changes. The correction for these artifacts is easy comparing with
those of voiding cystometry. Therefore, we mainly discussed the recognition and correction
for artifacts during pressure-flow investigation, demonstrated the effects of correction, and
indicated the role and significance of retrospective quality control.

Pressure-flow studies can provide us with a diagnostic standard for bladder outlet
obstruction, and measure the urethral resistance and changes. In pressure-flow analysis, the
obstructed degree and urethral resistance usually depend on two variables: Qmax and
Pgetomax- The problem that we face is how to obtain the reliable values of Qmax and Pdetomaxs
which are free of various artifacts, and to ensure the clinical diagnosis and research an
objective and reliable result. Therefore, quality control of pressure-flow data becomes
increasingly important; it can be performed either during collection of data or in retrospective
analysis of data. Quality control during collection of data can avoid, reduce or eliminate
artifacts. On the other hand, the artifacts existed in data can only be corrected in retrospective
analysis. This is the worst solution, but is necessary for computer results. Modern
computerized urodynamic systems have presented new problems in analysis of data. Almost
all machines are unable to pick up and correct artifacts. Many clinicians do not examine the
traces for artifacts and accept the computer's values of parameters; this must influence the
clinical diagnosis and the research result significantly. The main tasks of retrospective quality
control of pressure-flow data are the typical pattern identification, artifacts recognition and
correction as well as manually reading for Qmax and Pgetgmax coming from computer printouts.
In the present study, 4% traces had to be discarded because of the non-interpretable and
non-correctional artifacts and the pattern with multi strong strains during voiding. In the
interpretable pressure-flow traces, Qmax, urethral resistance (OCO), grading and classifying
of obstruction underwent significant systematic changes; Pgetomax had no systematically
significant changes, but with considerable intra-individual changes after manual correction.
Qmax reduced consistently by 1.17 ml/sec on average, which was similar to the result (by 1.5
ml/sec on average) reported by Grino et al in 1645 uroflow measurements and the result (by
0.8 ml/sec on average) reported by Madsen et al in pressure-flow studies of 25 patients
(Grino et al. 1993; Madsen et al. 1995). In this study, 81.8% traces showed obvious artifacts of
Qmax. The decreased value of Qmax resulted from the correction of spike artifacts and
extracorporeal modifications in flowrate. 23.1% of artifacts changed the location of Qmax
(Fig.19a and 19b). The decreased degree of Qmax was variable, but 83.1% readings were with
0.1~1.9 ml/sec decrease of Qmax. There were 7 (1.2%) traces with increased values of Qmax
after correction, the reason would be that the investigators changed computer results of
Qmax. Smoothed and corrected value of Qmax underwent a significant decrease; still, there
was a good correlation between computerized and manual values of Qmax. It means that
manual correction has not changed the nature of Qmax data, the smoothed and corrected
Qmax can reflect the condition of urethral resistance much more really. How are artifacts of
Qmax identified? A normal uroflow curve is smooth without any rapid changes or spikes.
Rapid changes in flowrate may have physiological and physical causes (Schaefer et al. 2002).
The physiological spikes can result from changes in outflow resistance, for instance,
sphincter and pelvic floor contraction or relaxation, or from changes in driving energy, for
instance, abdominal straining. These intracorporeal physiological artifacts should be
minimized during the investigation (Fig.18b, Fig.19). Extracorporeal additional
modifications in the flowrate signal, which usually is small spikes, can be introduced by any
funnel or collecting device of uroflowmeter (Fig.18). This type of non-physiological artifacts
should be eliminated. As a simple rule of thumb, any rapid change in uroflow rate lasting
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less than two seconds should be smoothed and corrected as artifacts in retrospective
analysis. In a recent standardization report, ICS recommended that an internal electronic
smoothing with a sliding average over two seconds was used to make electronically reading
value of Qmax more reliable, comparable and clinically useful. In manual graphical readings
of Qmax, a graphical line smoothing to a continuous curvature for at least a period of two
seconds was drawn to get a smoothed Qmax value. Generally, only smoothed Qmax that is
lower than electronically reading Qmax is clinically meaningful. ICS agreed that as a standard
only smoothed Qmax values were reported (Schaefer et al. 2002).

Pgetomax showed a slight systematic increase by 0.75 emH,O on average after manual
correction, but no significant variation was demonstrated. Similarly, Madsen et al reported a
no significant slight decrease of Pget.omax With a mean of 2.8 cmH»O after correction (Madsen
et al. 1995). The reason would be that the location of Pgetgmax responds to Qmax; therefore,
intra-individual changes of Pgetomax Were inconsistent. 55.2% traces had a significant
increase by 4.90 cmH>O on average, and 31.6% traces had no significant decrease by 6.15
cmHO on average. Although there was no systematically significant change, PdetQmax
indeed underwent a intra-individual considerable change ranged from -70 to 56 cmH,O
after manual correction. The artifacts of Pgetomax are various and complex, and sometimes
are difficult to interpret. As a smooth muscle, detrusor contracts smoothly and steadily, and
then any pressure change caused by detrusor contraction must show a smooth and steady
pattern without rapid changes. A typical pattern of trace of detrusor pressure during
voiding is that the pressure tracings rise and drop smoothly and steadily. Therefore, any
rapid changes on the curve in short time should be considered as artifacts, and must be
interpreted and corrected. Artifacts of detrusor pressure during voiding have a number of
types, and can be produced in a variety of ways. We may classify them into technical and
physiologic artifacts. The technical artifacts may be caused by phasic signal loss, signal
stepwise change and urethral catheter loss and rectal catheter dislocations; the incidences in
our study are 1.4%, 3.4%, 0.9% and 2.2% respectively (Fig. 20). The physiologic artifacts are
mainly the spikes and dips on Py tracing resulted from the different causes. The first cause
is the spikes due to straining under the condition of a difference in pressure transmission to
the Pyes and Papa (Fig. 21a); the incidence of this type of artifact is 15.1% in our study. The
second one is the dips caused by rectal contractions (Fig. 21b); the incidence of this type of
artifact is 2.1%. The last one is the spikes or the dips due to urethral sphincter overactivity
during voiding, which is sphincter contraction (Fig 22a) or relaxation (Fig 22b); the incidence
of this type of artifact is 10.1%. In retrospective quality control, the spike and dip artifacts
can manually be corrected by smoothing. However, it usually is difficult to correct the
technical artifacts in retrospective analysis. If they occur after Qmax, we may acquire two key
parameters of pressure-flow study: Qmax and Pgetomax. If they appear before Qma.x or a
complete pressure-flow plot is requested for the purpose of precise analysis, the traces with
these artifacts will have to be discarded.

As a continuous quantitative parameter, OCO can precisely measure the urethral resistance
and change. In this study, a systematically significant increase of OCO by 0.067 on average
was shown after manual correction. Intra-individually, OCO changes were inconsistent,
with a range from -1.379 to 0.995. The reason would be that the inconsistent changes of Pyet
could influence those of OCO. The changes of OCO indicated that manually reading lead to
higher urethral resistance, and artifacts reduced urethral resistance. Therefore, we could say
that OCO calculated by manually reading values could really indicate the condition of
urethral resistance.
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More serious is that various artifacts have influenced the diagnosis of obstruction and the
assessment of obstructed degree. Generally, it seems that artifacts lead to a less obstructed
degree. In our study, ICS and Schéfer nomograms were employed to evaluate this impact.
After manual correction, more traces located in obstructed zone or grades. 11.0% traces
changed the classification in ICS nomogram, and 28.9% did the grade in Schéfer nomogram.
Using these two nomograms, 6.9% and 7.2% traces changed the diagnosis of obstruction;
55% and 6.0% traces shifted into obstructed zone or grades. It could be said that
computerized results produced 5.5% or 6.0% false negative diagnoses of obstruction due to
various artifacts in these 582 measurements. On the other hand, 1.2% and 1.4% traces shifted
out of obstructed zone or grades. It could also be said that computerized readings produced
1.2% or 1.4% false positive diagnoses of obstruction. Therefore, we could say that
retrospective quality control corrected considerable false diagnoses of obstruction.

From above analyses, It was found that a corrected Qmax should be determined at first in
retrospective analyzing of pressure-flow data; then a location of Pge corresponding to Qmax
can be found, and the urethral resistance parameters, such as OCO, can be calculated. It
seems that a systematically significant difference of Qmax results in those of OCO, classifying
and grading of obstruction after manual correction.

Summarily, quality control is involved in both on-line and off-line urodynamic
investigation. Getting the most out of urodynamics depends not only on a good urodynamic
practice, but also on the training and experience of the clinician charged with interpreting
the result (Abrams 1998). In the interpretation of pressure-flow data, the clinician must
meticulously examine the trace for artifacts before accepting the computer results. At
present, retrospective quality control of computerized pressure-flow data is necessary; it can
get rid of the impact of artifacts on Qmax Pdet, urethral resistance, classifying and grading of
obstruction, and diagnosis of obstruction. The data through quality control become more
objective, reliable and acceptable, and can be used for further analysis. These effects of
retrospective quality control have been demonstrated in the present study.

5. Conclusions

Quality control and plausibility check during investigation are the best way to avoid and to
correct artifacts at an early stage; quality control relies on knowledge of typical values and
signal patterns recognition.

Typical value ranges for pressures and other parameters in cystometry are effective tools
for quantitative plausibility check and quality control of data. Typical value ranges for
initial resting Pyes and Papq are 31~42 cnH>O and 28~39 cmH>O in standing or sitting
position respectively; and that of Pge is 0~4 cmH>O, which is very close to zero. The
suggested typical value ranges for the initial resting pressures are sensitive and reliable
indicator for plausible and correct measurement. The errors related to initial resting
pressures must be recognized and corrected before or at beginning of filling. The typical
ranges for other parameters during filling and voiding phases are useful for checking
plausibility of measurement. Qmax and Vyeiq in cystometry must be comparable with those
of free uroflowmetry. Typical value ranges for post-void Pyes, Paba and Pge; are 40~55
cmHO, 30~41 ecmH>O and 10~14 cmH>O respectively. After voiding, Panq has little
change, Pyes and Pyt are close to the levels before voiding. The suggested typical value
ranges for post-void pressures are also important for the plausibility control of voiding
phase.
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Typical signal patterns are powerful tool for the qualitative plausibility check and quality
control. Combining with typical value ranges, they allow a definitive judgment of the
quality of an urodynamic investigation. We have described the TSP from four gradations:
fine structure (pattern I), minor changes (pattern II), major changes corresponding to test-
coughs (pattern III) and major changes (Pattern IV). At any stages of investigation, there
must be the same fine structure and minor changes due to patient's breathing, talking and
moving on Pyes and Papq tracings but not on Py tracing. These two patterns suggest that the
signals are "live". The cough tests before or at beginning of filling, during filling at regular
intervals, and before and after voiding are effective tool for checking the signal quality and
plausibility. Pyes and Papg tracings must show the equal changes corresponding to the test-
coughs. Straining, detrusor overactivity and rectal contractions are typical major changes
during filling; and detrusor contraction with different patterns, straining, rectal contractions
and relaxation of pelvic floor during voiding are typical major changes during voiding.
These major patterns have their characters, and we must be able to recognize them.
Analyzing signal quality from these four gradations, we can find some atypical patterns,
technical errors and artifacts and can correct them immediately in order to acquire the
urodynamic data with a high-quality during investigation.

In retrospective quality control, various considerable artifacts were found in the cystometric
data. The systematically significant differences of Qmayx, urethral resistance, and classifying
and grading of obstruction between manual and computerized readings suggested the
existing of artifacts and their interference with the clinical judgment. The manually
corrected Qmax had a consistently lower value; a higher value of OCO was calculated, and a
more obstructed degree was assessed according to the manual readings. Although no
systematically significant change of Pgetomax Was demonstrated after manual correction, it
indeed underwent intra-individual considerable changes. Manually reading corrected
considerable false diagnoses of obstruction. The effects of manual correction were shown.
Therefore, retrospective quality control of computerized urodynamic data is significant and
necessary; only the data throughout quality control can be used and reported.
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1. Introduction

Automated quality control (QC) procedures are critical for efficiently obtaining precise
quantitative brain imaging-based metrics of in vivo brain pathology. This is especially
important for multi-centre clinical trials of therapeutics for neurological diseases, in which
brain imaging-based metrics may be used to quantify therapeutic efficacy. While there are
many different types of brain imaging methods (e.g. computed tomography, magnetic
resonance imaging, positron emission tomography, etc.) that have been used to quantify
different aspects of in vivo pathology (e.g. presence of tumours, brain atrophy,
hydrocephalus, abnormalities in blood vessels or the extravasation of blood, the depletion of
receptors available for the binding of an injected substance, abnormal brain metabolism,
etc.), this Chapter will focus on the automated QC procedures required to use magnetic
resonance (MR) images (MRI) to yield imaging-based metrics of in vivo brain tissue
pathology.

Magnetic resonance imaging is a powerful non-invasive technology that can provide in vivo
images sensitive to normal and pathological brain tissue. Important strengths of MR
imaging include its superior grey-matter (GM)/white-matter (WM) tissue contrast,
sensitivity to WM pathology and clinical feasibility of relatively high-resolution whole-brain
imaging. In conventional brain MRI, the signal intensities arise from the different relaxation
characteristics of protons in water molecules present in different brain environments
following radio-frequency (RF) excitation when the brain is in a magnetic field. MRI
acquisition sequences vary the timing and duration of RF excitation pulses and magnetic
field gradients, yielding different contrasts (termed MRI modalities) that can highlight
different aspects of brain anatomy and pathology. This is illustrated in Fig. 1 using 4
conventional imaging modalities, T1-weighed (Tlw) and Tlw 5 min after intravenous
injection of a gadolinium (Gd) contrast agent (T1w+Gd), T2-weighted (T2w), proton density
weighted (PDw), and fluid attenuated inversion recovery (FLAIR) image, which were all
acquired from a patient with multiple sclerosis (MS), a neurological disease that affects the
brain and spinal cord. The Tlw image most clearly differentiates brain GM, WM and
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cerebrospinal fluid (CSF). This high tissue contrast is the reason why Tlw is often the
optimal input modality, or included with other input modalities, for image-processing
algorithms that classify the image voxels (volume elements) as WM, GM and CSF, which
can be a critical step that precedes the quantification of biologically important brain
characteristics (e.g. the volumes of the entire brain, individual brain structures, GM, WM,
and abnormal WM and GM). In addition to the high tissue contrast, TIw MRI also informs
on brain pathology. It has been shown that WM hypointensities on Tlw MRI of MS patients
are associated histopathologically with severe tissue destruction (Van Walderveen et al.,
1998), and T1w MRI also reveals a population of hypointense lesions in the cerebral cortex of
MS patients (Bagnato et al., 2006). By injecting a Gd contrast agent (Gd is paramagnetic in
its trivalent state), the Tlw modality can be further exploited to detect increased
permeability of the “blood-brain barrier” (BBB), which under normal conditions restricts the
transport of substances from the circulation into the brain, thus confining the Gd contrast
agent to the blood vessels and resulting in a relatively bright intensity of blood vessels large
enough to be resolved by T1w imaging. Under pathological conditions (e.g. stroke, trauma,
tumour, inflammation), the permeability of the BBB may be transiently increased and the
Gd contrast agent will enter the brain, resulting in a relatively bright intensity in the region
of the pathology. For example, in Fig. 1 the TIw+Gd image from a patient with MS exhibits
a ring of hyperintense signal that results from the increased BBB permeability associated
with acute focal inflammation. The T2w image is more sensitive to different types of WM
pathology (not only the severe tissue destruction) than the Tlw, exhibiting abnormally
hyperintense signal in regions with pathological abnormalities such as: tissue loss, injury,
incomplete repair, inflammation and scarring. Important limitations of using T2w images to
quantifying brain pathology is the lack of specificity of the hyperintensities (e.g. they may be
oedema that may resolve quickly, they may be irreversible tissue destruction that may never
repair and result in further degeneration), and the poor CSF/abnormal WM contrast (e.g.
abnormal WM that abuts the CSF-filled ventricles cannot be reliably quantified). The latter
limitation is addressed by acquiring PDw and FLAIR images, in which abnormal WM is
hyperintense and CSF is hypointense. Furthermore FLAIR imaging has been shown to be
more sensitive to focal WM MS pathology compared to standard T2w imaging (De Coene et
al., 1992; Filippi et al., 1996; Geurts et al., 2005).

In clinical trials of therapies for neurological diseases (e.g. multiple sclerosis and
Alzheimer’s disease), various MRI modalities may be acquired within a single scanning
session to quantify various aspects of brain pathology, and multiple scanning sessions may
be performed on each patient throughout the trial to track the changes in MRI-derived brain
pathology metrics from the baseline pre-treatment state (Fig. 2). This multiple imaging
modalities at multiple timepoints for many patients paradigm to yield a snapshot of the brain
pathology at a certain timepoint or to yield the dynamics of progressing/resolving
pathology, relies upon the assumption that image intensity variations are biological. Within
this assumption, MRI-derived brain pathology metrics may be calculated using an image-
processing pipeline comprised of leading edge automated techniques including image
intensity normalization, co-registration of different MRI modalities, registration to brain
atlases, brain tissue classification, segmentation of brain structures and types of pathology
(Fig. 2 - Image Processing Pipeline). The success of these automated image-processing
techniques may be significantly affected by spatial and/or temporal variability in the MRI
intensities resulting from methodological sources including scanner software/hardware
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upgrades, scanner hardware deterioration and human error (Fig. 2 - MRI Acquisition).
Accordingly, the role of QC is to ensure that each MRI that enters an image-processing
pipeline has been assessed and meets an acceptable level of quality (minimally affected by
non-biological variability, consistent with trial protocols, and consistent with previously
obtained data from the patient during the trial) to ensure the expected accuracy and
precision of the MRI-derived brain pathology metrics (Fig. 2 - Quality Control).

Fig. 1. Corresponding 2D slices extracted from different 3D MRI modalities acquired during
a single scanning session of a patient with MS. (Left to right): T1-weighed (T1w), T1w after
Gd injection (T1w+Gd), T2-weighted (T2w), proton density weighted (PDw) and fluid
attenuated inversion recovery (FLAIR). Green, purple, and blue arrows highlight the
advantages and disadvantages of each MR modality. Green arrows show acute increases in
BBB permeability (hyperintense signal on TIw+Gd) associated with tissue destruction and
inflammation (hypointense signal on T1w; hyperintense on T2w, PDw and FLAIR), and
purple arrows show the weakness of T2w images in differentiating abnormal WM from
adjacent CSF (better differentiation on PDw and FLAIR). Overall, the volume of abnormal
WM on T2w and FLAIR modalities may be higher than on T1w, due to their high sensitivity
to various pathological processes (e.g. swelling, destruction, repair, scarring)

This Chapter provides guidelines for developing an automated QC procedure for brain
MRIs acquired in multi-centre clinical trials of therapeutics for neurological diseases; in
particular the automated QC for multi-centre clinical trials of therapies for MS will be
discussed in detail. Emphasis will be placed on: 1) demonstrating the need for appropriate
QC procedures, 2) determining the objectives, 3) defining quality, 4) developing a
framework to facilitate the creation of quality control procedures for MRIs, and 5) providing
an example of an automated QC procedure that is used in industry. Although the focus will
be on QC for clinical trials of MS therapies, the guidelines proposed in this chapter could be
applied to clinical trials that use MRI-based imaging metrics to assess therapeutics for other
neurological disorders such as Alzheimer’s disease, epilepsy, sleep apnea, stroke, and
amyotrophic lateral sclerosis.

2. Demonstrate the need for appropriate QC procedures

It may seem obvious that if an MRI scan is adequate for qualitative interpretation by a
radiologist, then it should be of sufficient quality to be used to extract quantitative metrics of
brain pathology, however, this is not necessarily true. Studies have been performed
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demonstrating the effect of specific aspects of MRI quality on specific types of MRI-based
imaging metrics.

Preboske et al. (2006) compared the effect of three types of common MRI artifacts,
inconsistent image contrast between serial scans, head motion, and signal-to-noise ratio
(SNR), on the performance of the boundary shift integral (BSI), a method used to quantify
whole brain atrophy between MRIs acquired in the same person at two different visits, by
calculating the shift at the brain tissue/CSF border that may occur over the time between
the visits if the brain is undergoing volume loss. They found that as image quality
deteriorated due to any of the three types of artifacts, the atrophy measurement error
increased. The study showed that the magnitude of error could substantially exceed the
disease effect in Alzheimer’s Dementia (AD) for whole brain atrophy per year (Preboske;
Gunter; Ward & Jack, 2006). Blumenthal et al. (2002a) compared the effect of ringing
artifacts caused by subject movement on measuring grey matter volume using ANIMAL
(Kuba et al., 1999) in 180 healthy children. The authors compared the amount of ringing
present (none, mild, moderate, or severe) in the MRI to the volume of brain classified as
grey-matter and found that as the level of motion increased, the volume of grey matter
decreased. Camara-Rey et al. (2006) examined the effect of simulated motion artifacts
(ghosting, blurring, and pulsatile flow artifacts from major blood vessels like the carotid
arteries) on measuring brain atrophy using SIENA (Smith et al., 2004; Smith et al., 2002). In
healthy subjects they found that the presence of these artifacts could substantially affect
atrophy measurements and, in some cases, have the same expected differences observed in
AD patients over a 12 month period. Boyes et al. (2006) compared two methods for
measuring brain atrophy measurements, the BSI and Jacobian integration (JI), using MRIs
from a cohort of AD patients and healthy subjects. Three scans were acquired for each
subject, a same day scan and repeat scan (re-scan) pair to determine the inherent error of
each method and a scan one year later to assess the consistency of each method. Each scan
was visually assessed for image quality by an experienced MRI reader based on motion
artifacts and contrast differences between WM and GM, and brain and CSF. They showed
that the BSI and ]I techniques were susceptible to poor image quality with measurement
errors exceeding three times the expected brain atrophy rate observed in normal control
elderly subjects over 1 year (Scahill et al., 2003) and within the range of yearly atrophy rates
observed in AD patients (Bradley et al., 2002; Fox et al., 2000).

These studies demonstrate the potential for the quality of an MRI to affect the quantification
of brain metrics by adding variability that can obscure pathological changes. A QC
procedure should objectively quantify the quality of an image and subsequently objectively
reject images with quality metrics that do not meet software-specific a priori defined control
limits.

Complexities of Developing QC procedures for Clinical Trials

While the QC studies discussed in the preceding paragraph(s) demonstrated the effect of
some aspects of MRI quality on a subset of MRI-based brain metrics calculated in relatively
few subjects, multi-centre clinical trials pose additional QC-related difficulties: 1) large
volume of MR images acquired from multiple subjects at multiple timepoints, 2) scanner
variability arising from variations in hardware performance, 3) hardware and software
changes, 4) human error, 5) diversity of MRI-derived brain pathology metrics, and 6)
variety of image processing methods involved in the measurement of these brain
pathology metrics.



Guidelines for Developing Automated Quality Control Procedures for
Brain Magnetic Resonance Images Acquired in Multi-Centre Clinical Trials 139

The sheer volume of MR scans that are produced by multi-centre clinical trials limits the
feasibility of MRI readers to manually assess each MRI for image quality (De Stefano et al.,
2010; O'Connor et al., 2009; Rovaris et al., 2008). With the human visual system and time as
constraints, MRI readers cannot consistently evaluate MRI images for correct identification
(Does the brain MRI actually correspond to the patient identifier?), correct MRI sequence
(Do the scanning parameters match the protocol?), and acceptable image quality (Is the
noise, motion, etc., within acceptable ranges of the control limits?).

Scanner variability arising from day-to-day variations in hardware performance and
deliberate changes to the scanner hardware or software may result in variations in the MRI
characteristics, which could introduce non-biological variability in MRI-derived pathology
metrics. While a QC procedure may not be capable of detecting the most subtle variations
in hardware performance (which may not significantly affect MRI-derived metrics), the QC
procedure would be expected to detect failing and noted software changes.

The most common human errors in MRI acquisition in the clinical trial setting are:
Mistyping of a patient identifier or using the incorrect patient identifier, acquiring MRI
sequences with incorrect parameters or omitting MRI sequences, and acquiring MRI
modalities in the wrong scan order (which can be critical, for example, when injection of a
contrast agent is essential for a certain modality but may corrupt other modalities). An
automated QC procedure can detect mistyped patient identifiers and detect incorrect patient
identifiers by assessing if the present brain MRI is the same brain as other MRIs with the
same identifier. Incorrect sequence parameters or missing sequences can be detected by an
automated QC that compares the MRI sequences acquired in a session to the previously
accepted protocol- and site-specific sequences and parameters. Incorrect acquisition order
of MRI modalities can be detected by comparing the acquisition times of each scan to the
previously accepted protocol- and site-specific scan order.

The diversity of the MRI-derived brain pathology metrics will also influence the QC
procedure. Image quality may not be acceptable for some metrics, but may be adequate for
others. For example, a localized image artifact that prevents the volume of a specific small
brain structure such as the hippocampus from being measured reliably may not
significantly affect the measurement of total brain white matter tissue volume. The ideal QC
procedure should have the flexibility to detect and report image quality issues that prevent
the reliable calculation of a specific metric, without rejecting the entire scanning session