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CHAPTERR 1 

THEE FUNCTIONAL PROPERTIES OF THE UPPER 
URINARYY TRACT 
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INTRODUCTIO N N 

Whenn the rate of diuresis is normal, the upper urinary tract evacuates 
urinee from the kidney into the bladder using peristaltic activity. 
Uretericc peristalsis is initiated by the activity of smooth muscle cells 
withh pacemaker properties in the renal pelvis and calyces. The 
impulsee itself is transmitted from cell to cell through gap-junctions. 
Too understand different aspects of ureteric peristalsis, myogenic and 
neurogenicc theories have been proposed. The myogenic theory 
explainss how and why peristalsis is observed in an isolated ureteric 
segmentt in vitro and in vivo and why it persists in a denervated 
ureter,, after kidney transplantation, or even after reverse ureteric 
auto-transplantationn u . The neurogenic theory now emphasizes the 
rolee of neuronal activity in fine-tuning ureteric peristalsis, arguing 
thatt both activities are, in a sense, complimentary ' . Indeed, ureteric 
colicc due to calculi demonstrates the presence of sensory innervation 
inn the ureter. Feeling of visceral discomfort due to an obstructive 
hydro-uretero-nephrosiss is believed to result from sensory axons in 
thee upper urinary tract since the surface of the kidney is not sensitive 
too pain stimuli. The mammalian ureter is innervated by non-
myelinatedd autonomic axons that arise from the renal, ovarian/ 
spermatic,, pelvic and sympathetic plexuses " . 

Controversyy continues to exist about the exact localization of 
pacemakerr cells in the upper urinary tract. The calyces and proximal 
renall  pelvis are believed to be the site of this activity , but 
species-relatedd differences in the anatomical organization of the 
renall  pelvis and calyces are reported 24. Nevertheless, pacemaker 
propertiess have been assigned to specialized smooth muscle cells 
withh pale cytoplasm and fibroblast-like cells ' ' . 

Usingg EMG studies, it has been reported that the whole renal 
pelviss works as a pacemaker unit. This is called the "multiple 

911 99 'Jft 97 

coupledd oscillators" model with several pacemaker subunits ' ' ' . 
Itt is suggested that these pacemaker signals have to be synchronized 
andd summated to be able to trigger a peristaltic wave in the ureter. 
Pyelicc distention due to diuresis modulates the peristaltic frequency 
byy changing the degree of synchronization between the subunits. A 
hierarchicc gradient of auto-rhythmicity exists from proximal to distal 
inn upper urinary tract. When the proximal portion of the upper 
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urinaryy tract fails to function for any reason, control of ureteric 
peristalsiss is assumed by more distal regions 20. 

SCOPEE OF THESIS 

Ann extensive review of the available literature on form and function 
off  the ureter with special attention to the myogenic and neurogenic 
regulatoryy factors governing ureteric motility and unidirectional 
urinee transport was undertaken. Using the Medline database, a series 
off  321 publications on the subject of ureteric peristalsis was found. 
Off  these, 141 articles were summarized. Based on the reported 
findingss and controversies, we postulated a hypothesis and 
undertookk stepwise investigations to test the validity of the 
hypothesiss that ureteric peristalsis is intrinsically a myogenic 
activity,, with neurogenic activity regulating ureteric motility in such 
aa way that unidirectional urine transport is ensured. 

Wee first studied the functional anatomy and the endoluminal 
ultrasonographicc (ELUS) features of distal ureter in man and pig 
(Chapterss 2 and 3) 28,29. The organization of the ureteric smooth 
musclee fibers at the level of the ureterovesical junction (UVJ) is 
differentt from that in the rest of the ureter. The peripheral circular 
layerr changes its pitch and merges with the longitudinal inner layer, 
permittingg only shortening of the intramural segment of the ureter. 
Thee ureteric wall is thus able to pull self back over the urinary bolus 
andd open the ureteric orifice - a phenomenon commonly visualized 
byy the urologist at endoscopy. The bolus is thus evacuated into the 
bladderr cavity while the juxtavesical ureteric segment remains 
constrictedd due to the long lasting constriction of the circular layer. 
Thiss is an important functional anatomical characteristic, which 
inhibitss reflux during this crucial moment when the ureteric orifice is 
widee open. The distal propagation of this excitation and contraction 
zonee along the trigonal smooth muscle fibers pulls back the ureteric 
orificee to its normal position and closes it. Using this biomechanical 
model,, we postulated that for different rates of diuresis the ureteric 
peristalsiss is modulated by the autonomic nerves in the ureter. 

Wee then proceeded to investigate, in the acute pig model, the 
electromyographicc (EMG) activity (Chapter 4), the wall movements 
(Chapterr 5) and the pressure generation (Chapter 6) in the ureteric 
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walll  of the middle and distal ureter during the passage of a peristaltic 
wavee at normal rates of diuresis 30~32. This was the first essential step 
too confirm the myogenic origin of the peristaltic wave. We could 
confirmm that EMG activity of the ureter precedes movement of 
uretericc wall and generates a high pressure zone along the ureter 
whichh is both long lasting and strong enough to propel the urinary 
boluss unidirectionally from the proximal to distal end and to prevent 
backwardd leakage. Our studies in the acute pig model convinced us 
off  the need for a chronic animal model to confirm that autonomic 
neurogenicc modulation of ureteric peristalsis exists and can be 
proven.. We subsequently developed a single catheter to 
simultaneouslyy register EMG activity, wall movements (as a 
functionn of impedance fluctuation) and pressure generation inside 
thee ureter of chronically instrumented pigs (Chapter 7). As part of 
thiss study, we also monitored the recovery of ureteric peristalsis after 
operativee procedures on the pyelocalyceal system and analyzed the 
modulatoryy effects of cholinergic, adrenergic and nitrergic agents in 
vivo. vivo. 

Wee have demonstrated that ureteric peristalsis persists in the 
initiall  hours after an operation on the pyelocalyceal system but 
disappearss during the first postoperative day. Normal function is 
onlyy re-established a week from the date of manipulation. Recovery 
followss in a gradual and hierarchic pattern from proximal to distal. 
Att low rates of diuresis, peristaltic frequency is directly related to the 
pyelocalyceall  urine load. Ureteric contraction force is increased in 
thee mid-ureter when the rate of diuresis is increased, but contraction 
forcee fails to increase in the distal and juxtavesical ureter. In our 
chronicallyy instrumented animal model, ureteric smooth muscle 
motorr activity at the mid- and distal ureter level is not modulated by 
muscarinicc receptors (Chapter 8), indicating that the postulated 
spasmolyticc effect of anti-cholinergic therapy for renal colic in 
humanss has to be questioned. 

p-adrenergicc stimulation and inhibition were demonstrated to 
leadd to relaxation and activation of the ureteric contractility, 
respectivelyy (Chapter 9). al-adrenergic agonists stimulate phasic and 
tonicc contraction of upper urinary tract. Administration of 
antagonistss for al or p-receptors does not affect ureteric peristaltic 
frequency,, p-adrenergic blockade led to higher intraluminal ureteric 
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resistancee due to a more powerful ureteric contraction and, hence, 
wil ll  probably support the prevention of reflux of urine back into the 
ureter,, a 1-adrenergic receptor blockade decreases the intraluminal 
uretericc resistance and could therefore theoretically be a trigger for 
vesico-ureterall  reflux. 

Thee biological effect of NO on the regulation of ureteric 
motilityy is regional and corresponds with the distribution of NOS 
(Chapterr 10). Systemic inhibition of NO synthesis results in a 
significantt rise in tonic and phasic contractions of the distal ureter, 
whereass an extra supply of substrate (L-arginine) does not affect 
phasicc or tonic contractility of the ureter. These findings indicate that 
activityy of the distal ureter is probably inhibited upon activation of 
locall  NOS+ nerves. From our animal model studies, the fundamental 
rolee of NO metabolism in modulating distal ureter motility is 
established. . 

BIOMECHANICALL CONDITIONS GOVERNING URINARY 
TRANSPORTT IN THE UPPER URINARY TRACT 

TheThe ureter as collapsed tube with peristalsis 
Att physiological rates of diuresis, urine is transported as separate 
urinaryy boluses by peristaltic waves. The peristaltic activity and the 
separatee boluses within the ureteric lumen actively isolate the kidney 
andd the upper urinary tract from the content of the bladder and its 
shiftss in pressure. As ureteric peristalsis is not strictly periodic, the 
peristalticc frequency indicates only an approximate number of 
contractionss per unit of time. At low rates of diuresis, extra-
peristalticc flow is the flow leaking between peristaltic waves during 
relaxationn of the ureteric muscle. The intrinsic peristaltic carrying 
capacityy is defined as the upper limit of steady peristalsis and is 
approx.. two ml/min in the pig 33'34. Beyond this limit, consecutive 
bolusess merge and form an open tube 33. Total ureteric carrying 
capacityy is defined as the maximal volume of urine passing through 
thee ureter per unit of time when the ureter is acting as an open tube 
abovee its intrinsic peristaltic carrying capacity. In most cases, even at 
higherr rates of diuresis, the flow remains laminar 33~35. Increasing 
urinee flow will result in higher peristaltic frequencies up to intrinsic 
peristalticc carrying capacity. The higher the peristaltic frequency, the 
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betterr the upper urinary tract is isolated from the contents of the 
bladderr lumen " ' . 

Ourr data shows that during peristalsis in vivo an approximate 
lengthh of 10 cm ureter muscle remains excited for approximately 4 
secondss and generates approx. 35 cm water pressure at mid-ureteric 
levell  31'37. The generated pressure decreases to approx. 20 cm of 
waterr at the juxtavesical level and to 7 cm of water at the 
submucosall  level  37. As the propagation velocity of peristalsis is 
relativelyy fast (2 cm/sec), the bolus is evacuated from the ureteric 
orificee when some portion of the ureter is still constricted (Chapters 
4,, 5 and 6)31. 

TheThe ureter as an open tube without peristalsis 
Advantagess of the open-tube transport of urine are a higher transport 
capacityy at a lower level of energy consumption, especially in the 
uprightt position of the individual. However, the upper urinary tract is 
thenn exposed to the potentially harmful effects of high bladder 
pressuress and reflux. The maximum particle velocity of intra-ureteric 
urinee is in the central portion of the urinary column, while at the 
peripheryy particles are practically stationary. This results in 
parabolicc laminar flow vectors 34. The ureter itself behaves as a non-
uniformm passively distensible tube with elastic properties with two 
anatomicallyy defined obstructions 38~42. The mid-ureter, The first 
obstructionn is the mid-ureter, where the main pelvic vessels cross 
andd control the flow rate at relatively low detrusor pressure (during 
thee beginning of the bladder-filling phase). The ureterovesical 
junctionn (UVJ) acquires an obstructive character during high 
detrusorr pressure in a full bladder and at micturation. These two 
resistance-determiningg moments are especially important during the 
extra-- or non-peristaltic flow at relatively low flow rates. 
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ForFor laminar flow through an inert (rigid) tube of finite length, 
thee law of Hagen-Poiseuille states that 

FF = JL (R4/8).n. (P/L) 

withh F: flow; R: tube radius; r|: liquid viscosity; P: pressure; and L: 
tubee length. This equation only applies at relatively high rates of 
diuresiss when the ureter acts as an open tube, but the flow inside is 
stilll  without turbulence because of its low Reynolds number (see 
below).. P is a summation of gravity and pressure difference between 
thee renal pelvis and the distal ureter. Flow is directly proportional to 
thee fourth power of the tube radius. A simple dilatation of the ureter 
byy 20% wil l more than double the flow through it, if other factors 
remainn unchanged. A low Reynolds number (Re < 100) implies a 
laminar,, inertia-free flow. In the case of the ureter, the Reynolds 
numberr can be calculated from the formula: 

Rc== V. R2/n. X 

withh V: wave velocity; R: radial length; n: liquid viscosity; X: wave 
length.. Assuming V: 3 cm/sec; R: 1.5 mm; rj: 0.007 cm2/sec; and X: 
155 cm 43, Re varies between 0.65 and 1.5, thus supporting a laminar 
floww in the ureter. 

Too conclude therefore, flow from the upper urinary tract is 
dominatedd by an alteration of peristaltic and extra-peristaltic 
dischargee (leakage) at lower rates of diuresis i.e. below the intrinsic 
peristalticc carrying capacity. An open tube scenario as described 
abovee is used to transport urine at higher volume of diuresis using 
simplee laws of physics. 

MOTO RR ACTIVIT Y OF THE UPPER URINAR Y TRACT 

PacemakerPacemaker activity and conduction of the impulse 
Excitationn waves spread from the renal pelvis to the ureter through 
gapp junctions and cause a phasic contraction, which in turn brings 
aboutt transport of the urinary bolus. A first-degree conduction block, 
whichh is blockage of some action potentials at the level of 
pyelocalyceall  system, corresponds with a slow, inhomogeneous 
conductionn of signal at the site of pacemaker cells in the renal pelvis 



Chapterr 1: The functional properties of the upper urinary tract 9 

.. It is related to the refractory period of excited cells and the poor 
couplingg between them 44. A second-degree conduction block is 
blockagee of action potentials at the level of uretero-pelvic junction 
whenn these signals are not synchronized 2U6'45'46. Thus, not every 
pacemakerr excitation of the renal pelvis propagates itself to the 
ureterr during normal diuresis. Accumulation of urine in the pyelum 
increasess the readiness of the uretero-pelvic junction to allow 
passagee of an incoming "pacemaker" wave. 

Thee maximal peristaltic frequency cannot exceed the 
pacemakerr frequency. By increasing diuresis, bolus volume 
increasess until the ureter acts as an open tube. Latent ureteric 
pacemakerss give rise to ureteric dysrhythmia. Dysrhythmia can be 
initiatedd by neurokinin A, noradrenaline, histamine, serotonin, 
bradykinin,, endothelin-1 and bacterial products 47~53. The refractory 
periodd of the ureteric muscle is several seconds 54. This protects the 
ureterr against the development of anti-peristaltic activity of an 
ectopicc pacemaker. 

DifferentDifferent cells in the renal pelvis and their membrane characteristics 
Basedd on electrophysiological properties, three different types of 
pyelicc cells have been identified 55~57. Pacemaker cells, which 
accountt for ca 10% of pyelic cells, have a relatively high resting 
potentiall  (-42 mV compared to -56 mV of other renal pelvis smooth 
musclee cells). A slowly rising onset, followed by a fast phase of 
depolarizationn characterizes their action potential. A second, more 
uretericc type of smooth muscle cell has a slower depolarization 
phasee and a long-lasting plateau phase. Finally, an intermediate type 
off  smooth muscle cell exists. The action potential of the ureter is 
longg lasting, with a plateau of approx. 1 second. 

Twoo types of ion channels are responsible for the 
depolarizationn of the ureteric smooth muscle: a "fast" Ca2+ channel, 
andd a "slow" Ca /Na channel, which are involved in the initial 
spikee and in the plateau phase of the action potential, respectively 
47,58-622 + cj i a n n ei s a re responsible for the repolarization of the 
uretericc smooth muscle (Fig. 1). 
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Figuree 1: Schematic presentation of the ionic current transport involved in the 
uretericc action potentials in humans. Rapid depolarization occurs when the resting 
potentiall  reaches the threshold of -50 to -40 mV. A fast inward extra-cellular Ca2+ 

wavee depolarizes the membrane potential to an overshot of +30 mV. A slow inward 
currentt of sodium and calcium maintains the plateau phase of approx. 1 second. 
Repolarizationn to reestablish the resting potential is initiated by an outward, in part 
calcium-dependentt potassium current. 

Thee calcium current is the main inward current detectable in 
thee smooth muscle cells of the ureter 60~64 and may explain the 
sustainedd tonic contractions of the ureter. Potassium (mostly via Ca2+ 

dependentt channels) is by far the most important current for 
determiningg repolarization and variation in the duration of the action 
potential.. Ca2+ dependent K+ channels seem to be the major target 
forr the excitatory action of noradrenaline and histamine in the ureter 
65.. Noradrenaline prolongs the duration of the action potential by 
suppressingg the activity of the K+ channel. A reduction of extra-
cellularr Na+ decreases the plateau phase of the action potential of the 
ureter.. Na+ replacement with Li+ does not lead to recovery of this 
phenomenonn and results in decay of intracellular Ca . Ca channels 
alsoo are required for the propagation of ureteral contractions and for 
electromechanicall  coupling in the ureter smooth muscle. 
Intracellularr Ca + stores are apparently not essential for excitation-
contractionn coupling but contribute to a setting of the resting 
membranee potential, probably through the activation of Ca2+-
dependentt K+ channels. 

VariableVariable parameter of modulation of motor activity. 
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Frequencyy and contraction force of ureteric peristalsis are two 
parameters,, which can be modulated in different scenarios of urine 
transportt 30'34'37'41. Distal propagation of the ureteric peristalsis can 
neverr take place in a higher frequency rate than that, which is 
imposedd from the pyelocalyceal system. In other words, the ureteric 
peristalticc frequency can only be down regulated from proximal to 
distal.. Contraction force of peristaltic activity depends to amount of 
smoothh muscle contributing the circular layer of the ureter 37 and its 
modulationn status (Chapters 8-10). 

ModulationModulation of ureteric frequency 
Uretericc peristaltic frequency is initiated by the pacemaker activity 
off  pyelocalyceal system 19'21. Pacemaker activity may become more 
frequentfrequent or better synchronized in the renal pelvis. These parameters 
aree determined by a) degree of filling  of the renal pelvis that is 
monitoredd by fast mechano-receptor Ul units (see later) " and/or 
b)) chemical composition of the urine, e.g. different concentrations of 
K+,, prostaglandin or H+, which is monitored by chemo-receptors R2 
unitss (see later) 69'70. This type of modulation affects the peristaltic 
frequencyy using pyelo-ureteral reflexes including an afferent, spinal 
cordd segment and efferent branch. a-Adrenergic nerves potentiated 
byy NPY+ nerves are probably the main efferent branches of these 

711 72 

reflexess that increase the ureteric peristalsis ' . 
Anotherr possible mechanism to increase the peristaltic 

frequencyy at the level of renal pelvis is to decrease the inhibition of 
thee activity pacemaker cells. CGRP+ nerves are intensively studied 
ass local inhibitors. They are also present in the renal pelvis, but their 
densityy increases distally 73~75. These primary afferent nerves are able 
too inhibit peristaltic frequency, force, and release of mediators from 
thee peripheral endings in a paracrine fashion when triggered. 
Diminishingg this local inhibitory effect, which does not require a 
reflexx arc, wil l result in a higher peristaltic frequency. The transient 
andd local conduction block produced by CGRP appears to prevent 
antiperistalsis,, especially during low frequency peristalsis of the 
ureter,, when an anti-peristaltic wave would have a greater chance to 
propelpropel urine back towards the kidney. 

Accordingg to the multi-coupled oscillator model, the uretero-
pelvicc junction is the place that summates and synchronizes the 
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excitationn front from the renal pelvis 19'21-27. Contra-phasic 
(desynchronized)) excitation activities will thus extinguish their effect 
andd decrease the ureteric peristaltic frequency subsequently. This 
mainlyy inhibitory regulation mechanism is dependent on spatial 
integrationn of the incoming excitation front from the renal pelvis 4\ 
Anotherr possible regulatory function at the uretero-pelvic junction is 
thee alteration of permissiveness to passage of activation waves, 
whichh is probably regulated by inhibitory CGRP+/ SP+ nerves 73,76~ 

.. a-Adrenergic nerves may affect the uretero-pelvic junction to 
increasee the ureteric peristaltic activity 80"81. 

ModulationModulation of peristaltic force. 
Mechanismss of modulation of peristaltic contraction force and the 
uretericc tone are concentrated at more distal portion of upper urinary 
tract.. The amount of circular smooth muscle layer of the ureter is the 
anatomicall  substrate to generate a contraction. 

NEUROTRANSMISSIONN IN THE UPPER URINARY TRACT 
SUPPORTSS A NEUROGENIC MODULATIO N PREMISE 

Usingg immuno-histochemistry and radio-immunoassay, a plethora of 
informationn has been accumulated concerning the expression of 
differentt receptors that presumably play a role in neuromuscular 
physiologyy of the ureter. 

CholinergicCholinergic Nerves. The density of AcetylCholinEsterase-positive 
(AChE+)) nerve fibers increases from the renal pelvis downwards to 
thee bladder, with the ureterovesical junction region being most 
denselyy innervated ' . Some of these AChE+ nerves are sensory in 
originn and co-localize with Calcitonin Gene-Reactive Peptide 
(CGRP+)) nerves 84'85. 

Afterr nerve stimulation, acetylcholine is released from isolated 
human,, guinea pig and rabbit renal pelvis and ureter 86. 
Acetylcholinee increases the tone and phasic contractile activity of 
differentt segments of the rat, guinea pig, horse and pig ureter in vitro 
0"33 0*7 OQ 

'' " . Acetylcholine also increases the peristaltic frequency and 
decreasess the volume of boluses in the dog in vivo, whereas the 
muscarinergicc antagonist atropine does not change peristaltic 
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frequencyy . Administration of a muscarinic receptor agonist and 
antagonistt in our chronic pig model also revealed that this receptor 
doess not affect the peristaltic frequency or force of contraction in 
anyy significant way. Muscarinic receptor activation also does not 
changee tonic activity of the upper urinary tract since the hydrostatic 
pressuree in the renal pelvis was not affected after exposure to either 
carbacholl  or atropine. 

NoradrenergicNoradrenergic nerves. In several species, noradrenergic nerves have 
beenn demonstrated in all areas of the ureter and in the blood vessels 
off  the adventitia, the muscle and the submucosal layers of the ureter 
82'91"93.. a and p adrenoceptors stimulate and inhibit, respectively, the 
contractilityy of the upper urinary tract1718'89'71, 

Inn dogs, intravenously administrated noradrenaline increases 
thee peristaltic frequency and intra-ureteric pressure but decreases the 
boluss volume. The result is that the rate of fluid transport decreases, 
aa Inhibition and p stimulation decrease peristaltic frequency and 
eventuallyy suppresses ureteral peristalsis 89. In our chronically 
instrumentedd pigs, the p-adrenergic receptor was the main inhibitory 
factor.. Administration of isoprenaline not only led to severe systemic 
P-adrenergicc side effects, but also to a complete cessation of ureteric 
peristalticc activity. Propranolol reversed that inhibitory effect but 
failedd to increase peristaltic frequency. a-Adrenergic stimulation 
resultedd in more powerful and more frequent ureteric peristaltic 
activity.. It also increased the ureteric tonic activity. 
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SubstanceSubstance P, Neurokinin A and Calcitonin Gene-Related Peptide 
Substancee P (SP) and neurokinin A (NKA) together are called 
tachykinine.. Together with Calcitonin Gene-Related Peptide 
(CGRP),, they are present as neurotransmitters in afferent nerves of 
mammaliann the upper urinary tract 84'8594100. The SP+/NKA+/ 
CGRP++ fibers run parallel to the long axis of each of the muscle 
layers.. In the ureter, the fibers accumulate in the sub- and intra-
urotheliall  areas and in the muscle layer, and decrease in density from 
thee proximal to the distal end of the ureter 10°. In human proximal 
ureter,, 17% of nerves are SP+/CGRP+, this number decreasing to 
approx.. 4% in the distal ureter. These receptors are mostly located 
aroundd blood vessels and in the submucosa 15'100101. 

NeuropeptideNeuropeptide Y 
Neuropeptidee Y-positive (NPY+) nerves have been reported in the 
human,, rat and horse ureter 15,02103

t NPY co-localizes with 
noradrenalinee in sympathetic nerves of noradrenergic motor origin 
thatt supply the ureter. In the horse, the density of NPY+ nerves is 
maximall  at the UVJ 102. Approximately 80% of human intramural 
nervess in the ureter are NPY+ 15,101. Approximately 50% of all nerve 
profiless in the human ureter show co-localization with tyrosine 
hydroxylasee (TH) and NPY, and a further 30% of nerve profiles a 
co-localizationn of NPY and vasoactive intestinal polypeptide (VIP), 
butt not TH. Both NPY+/ VIP+ and NPY+/TH+ nerves are 
distributedd around blood vessels, localizing to the inner and outer 
musclee layers, respectively. NPY administration does not affect 
uretericc muscle tone in vitro, but potentates the contractile responses 
too noradrenaline in a concentration-dependent manner 102. In our 
chronicc animal model we did not study these receptors individually 
becausee of their additional role in adrenergic neurotransmission. 

NitrergicNitrergic nerves 
Nitri cc oxide synthase-positive (NOS+) nerves have been described 
inn human, pig and sheep ureters 104109. NOS+ nerves are distributed 
too the ureter smooth muscle, around arteries, and in the submucosal 
layers.. These nerves co-localize with both VIP and NPY, and in 
humanss are also found in the ureterovesical ganglia 104'105110. The 
relaxingg effect of NO on smooth muscle, together with the inhibition 



Chapterr 1: The functional properties of the upper urinary tract 15 

off  ureteric relaxation by NO antagonists in the pig model suggest 
thatt NO plays a fundamental role in the prevention of vesico-ureteral 
refluxx ll1,108. Inhibition of NOS resulted in our chronic animal model 
studyy in an increase of the phasic contraction force in the distal 
ureterr and in the hydrostatic pressure in the renal pelvis. Exogenous 
NOO donors did not affect ureteric peristalsis. 

SENSORYY ACTIVIT Y IN UPPER URINARY TRACT AND 
IT SS LOCA L MOTORI C EFFECT 

AfferentAfferent chemo-receptor units 
Bothh mechano- and chemo-receptor afferent units are present in the 
renall  pelvis 112~116. Chemo-receptive afferent units have been 
classifiedd as Rl and R2 units 69117U8. Chemo-receptor Rl units are 
locatedd around blood vessels and are activated during ischemia. 
Chemo-receptorr R2 units are sensitive to backflow of concentrated 
urine,, bradykinin and the concentration of Na+ and K+. R2 chemo-
receptorss sense the renal medullary interstitial fluid and the final 
urinee produced. The administration of for example SP into the rat 
renall  pelvis increases the afferent discharge of these nerves and 
inducess a contralateral diuretic and natriuretic reflex response that 
mimicsmimics that produced by increasing ureteral pressure * ' . This 
reno-renalreno-renal reflex is abolished by pretreatment with capsaicin, an 
alkaloidalkaloid that depletes SP from sensory nerve endings. Both 
bradykininn and prostaglandin activate the same reflex that is 
activatedd by mechanical stimulation of the renal pelvis. Endogenous 
prostanoidss amplify the afferent discharge induced by SP, 
bradykinin,, and increased ureteral pressure " . 

AfferentAfferent mechano-receptor units 
Mechano-receptorss in the renal pelvis are sensitive to changes in 
fillingfilling  of renal pelvis with urine 124. Mechano-receptors of the upper 
urinaryy tract have been divided in two main groups: fast Ul units 
(9%% of all mechano-sensitive units) and slow U2 units (91% of all 
mechano-sensitivee units). Fast Ul units have a low threshold to 
intraluminall  distension and respond to contractions of the ureter. Ul 
unitss are also presumed to monitor peristalsis ' . Slow U2 units, on 
thee other hand, show a prolonged response to intraureteric pressure 
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risee between 5 to 30 mmHg. U2 units are not excited by active 
contractionn , although they can be excited by compression or 
distension.. U2 units are obvious candidates for transmitting any 
informationn producing pain. U2 units were also reported to be 
chemo-sensitive,, being excited by K+, bradykinin, and capsaicin, 
muchh like the poly-modal nociceptors commonly observed in other 
visceraa Various chemical stimuli such as urine 
(>> 800 mOsm/liter), bradykinin, or capsaicin are capable of 
stimulatingg U2 units 66'16. 

Intensee stimulation of afferent ureteric nerves also induces 
transientt changes of cardiovascular function. The ureter is innervated 
byy a large population of U2 mechano-sensitive afferent units with 
highh activation thresholds that do not respond to peristalsis 16'6168. 
Thee human pain threshold is reached at a mean ureteral pressure of 
approximatelyy 30 mmHg. Increases of intraluminal pressure or 
applicationn of capsaicin to the guinea pig ureter is known to cause a 
transientt increase in systemic blood pressure, heart rate, and changes 
inn respiratory frequency, all indicative of a pain response 16,66. 

Controversyy exists about the fundamental character of ureteric 
colic.. The complete intraluminal obstruction of the ureter provokes 
restlessnesss and other behavioral alterations in conscious sheep 125. 
Electricall  stimulation of the ureter induces pain and muscular 
hyperalgesiaa in rats, but ligature of the ureter on its own does not 
producee hyperalgesia. This shows that ureteral occlusion as such is 
nott the cause of pain " . The combined administration of an anti-
muscarinicc agent and of a cyclo-oxygenase inhibitor eliminates the 
referredd hyperalgesia induced by artificial calculi in rats 12(M27. 
Partiall  obstruction induced by placement of an artificial stone in the 
ureterr produces an increase in the amplitude and a reduction in the 
frequencyy of ureteral contractions, as well as a decrease in baseline 
pressuree . Total obstruction or ligation of the ureter, however, 
abolishess ureteric motility totally. Intraureteric instillation of 
capsaicinn to produce pain relief in patients suffering from loin pain-
hematuriaa syndrome resulted in a lasting (> 2 months) relief of pain 
symptomss without evidence of adverse effects on renal function m . 

SensorySensory nerves and their local effect on ureteric motility 
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Afferentt nerves involving in upper urinary tract transmit data to the 
centrall  nervous system to monitor its function and possible noxious 
agents.. They also have a direct local effect on the upper urinary tract 
motilityy 4-n'53-97>132-134 Capsaicin, electrical stimulation of afferent 
nervess and bacterial peptides cause a Ca + dependent release of SP, 
NKAA (tachykinins) and CGRP. SP and NKA are powerful positive 
chronotropicc and inotropic agents for ureteric motility. They induce 
aa marked potentiation of phasic and tonic contractility ' . Locally 
releasedd sensory neuropeptides cause vasodilatation, an increase in 
microvascularr permeability and mast cell degranulation, as well as 
recruitmentt of inflammatory cells to mount a so-called "physiologic 
neurogenicneurogenic inflammation". This neurogenic inflammation may play 
aa key role in urolithiasis and urinary tract infections causing a 
relativerelative dysfunction of peristalsis " . 

CGRPP inhibits the motility of the isolated renal pelvis and 
ureterr 97-98<139-140. The sensitivity to capsaicin-sensitive CGRP+ 
nervess appears to be present mostly in the distal upper urinary tract. 
Inn this way, any anti-peristalsis generated by stimulation of latent 
pacemakerss is suppressed distally ' . The most important 
functionss of CGRP+ nerves with respect to smooth muscle relaxant 
activityy are stimulation of adenylcyclase and elevation of 
intracellularr cAMP, generation of nitric oxide (NO) and activation of 
K++ channels (hyper-polarization) as described. 
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ABSTRACT T 

Background::  The valve function of the ureterovesical-junction (UVJ) is 
responsiblee for protection of the low-pressure upper urinary tract from the 
refluxingg of urine from the bladder. Controversy about the microanatomy of 
thee human ureterovesical-junction persists. 

Materiall  and method: Ten (3 male and 7 female) fresh cadaveric bladders 
(meann age 70 years old) were studied. The bladders were fixed within 24 
hourss post-mortem, frozen and serially sectioned. Acetyl- and butyryl- (non-
specific)) cholinesterase activity were visualised as described by Karnovsky 
andd Roots. The three dimensional distribution of the different muscle groups 
participatingg in the formation of the UVJ was reconstructed. 

Results::  Three different muscle groups were identified: 1. The detrusor 
musclee and the deep trigone were mainly acetylcholinesterase-positive. 2. 
Thee inner and outer layer of the ureteric muscle were butyrylcholinesterase-
positive.. They merge into a single longitudinal layer at the level of the UVJ 
andd form the superficial trigone distally to the ureteric orifices. 3. The 
musculariss mucosae is a discontinuous butyrylcholinesterase-positive layer in 
thee bladder which is absent from the trigone. No evidence of any muscular 
connectionn was found between ureter and bladder musculature. 

Conclusions::  The anatomy of the UVJ as observed by us, suggests the 
followingg model of the ureteric peristalsis. The urine bolus arrives in the 
uretericc lumen at the UVJ level. The ureter can only shorten its length, 
slidess freely in its tunnel and discharges the urine bolus in the bladder 
cavity.. Ureteric constriction due to the peristalsis and thickening of the 
contractedd portion of the ureter prevents the upstream leakage. Distal 
spreadingg of the ureteric "peristalsis" in the superficial trigone increases 
thee submucosal ureteric length and prevents reflux. 
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INTRODUCTIO N N 

Thee valve of the ureterovesical-junction (UVJ) is responsible for protection 
off  the low-pressure upper urinary tract and the kidneys from the refluxing 
off  urine from the bladder. Vesicoureteral reflux (VUR), in combination 
withh upper urinary tract infection, leads to renal scarring and/ or 
hydroureteronephrosiss in time, and subsequently to renal failure. 

Thee two main anti-reflux mechanisms that are mentioned in the 
literaturee are the passive and the active valve function. The diagonal course 
andd length of the submucosal portion of ureter at the UVJ are the 
determiningg factors in passive valve function. These are geometrical 
propertiess and will not be discussed further in this article. An active valve 
functionn at the UVJ level is reported by several observers. Gil-Vernet 
(1973)) described a prevesical circular sphincter of ureteric origin, which is 
formedd from the most distal circular ureteric muscle fibres. Tanagho and 
co-workerss (1963) presented evidence for a functional contribution of the 
trigonee as an anti-reflux mechanism. According to them, the trigone 
consistss of three different layers. The superficial trigonal layer is the 
continuationn of the longitudinal ureteric muscle fibres. "Waldeyers sheath" 
continuess distally and forms the middle trigonal layer and the deep trigone 
iss formed by the bladder wall itself. The contraction of the trigonal 
musculaturee would occlude the UVJ and prevent the reflux. Blok and co-
workerss (1985) performed a sophisticated urodynamic study at the UVJ 
level,, which also lends credence to an active occluding function. They 
distinguishedd three different segments in the ureterovesical pressure 
profiless (UVPP). The base line of UVPP's represents the resistance to flow 
throughh the UVJ, while the fast and slow waves visualise the ureteric and 
detrusorr activity, respectively. 

Ourr work on topographic anatomy of the UVJ, as studied by 
functionallyy oriented staining techniques, reveals its potential as the 
anatomicc substrate for an active anti-reflux mechanism (Thomson et al, 
1994).. However, controversy about the microanatomy of the human 
ureterovesical-junctionn that would support such an active valve function 
persists.. Krause (1876) first reported the extension of the bladder musculature 
aroundd the distal ureter. Waldeyer (1892) defined this extravesically located 
structuree as the Ureterscheide and described an "injectable space" between 
thiss sheath and the distal ureter. Many of the early discussions were 
dominatedd by (an interpretation of) Waldeyers Ureterscheide. In the past 
century,, a dozen subtly different anatomic interpretations of the muscular 
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architecturee at the level of UVJ in humans have been reported (Elbadawi, 
1972).. To obtain an insight into the macro-anatomy, Noordzij and 
Dabhoiwalaa (1993) performed macroscopic dissections on 8 adult and 2 fetal 
humann bladders and their findings confirmed that the longitudinal muscle of 
thee terminal ureter fans out to form the thin "inner trigonal muscle" or what 
hass been described in the literature as the superficial trigone. The main 
differencess in the descriptions lie in the origins of the contributing structures 
too the UVJ. Most of these studies have been performed using the dissection 
microscopee or standard staining procedures. Both approaches leave a lot of 
roomm for interpretations, because they are unable to reveal the exact identity 
(e.g.. ureteric or vesical origin) of representative structures. The 
cholinesterase-stainingg method, on the other hand, has proved to be a useful 
techniquee to distinguish between the different components of the musculature 
off  ureter and bladder (Gosling et al, 1984 ; Gearhart et al, 1993; Thomson et 
al,, 1994). We therefore decided to study the microscopic anatomy of the adult 
humann UVJ with this technique. 

MATERIA LL  AND METHOD S 
HumanHuman cadaveric true-pelvis blocs. Ten (3 male and 7 female) fresh 
cadavericc "true-pelvis" blocs (containing the bladder, distal ureters, proximal 
vaginaa in females, or rectum and prostates in males) were obtained for study. 
Nonee of the specimens in the studied cadaver material had a previous history 
off  vesicoureteric reflux. The median age of the group was 70 years (range of 
28-92).. From the ten, only one was from a 28 year old male, while the other 
ninee were from patients above the age of 57. A second inclusion criterion was 
aa post-mortem autopsy interval of less than 24 hours because of a substantial 
decreasee in cholinesterase-enzyme activity after that period. Every bladder 
wass opened mid-sagittally anteriorly, and inspected for pathology of the 
mucosa,, ureteric orifices and for the degree of trabeculation. After careful 
dissectionn of the bladder from the surrounding tissues, the specimens were 
pinnedd on a plastic slab in their normal anatomical position. 

EnzymeEnzyme histochemistry. Four percent formaldehyde/ 0.22 M sucrose/ 0.1 M 
sodiumm phosphate (pH 7.3) was used as fixation fluid. The fixation was for 
166 hours at 4 °C. The fixed bladder wall was rinsed twice in bidistilled water. 
Thee bladder was cut across the following lines to get a four-angled piece of 
posteriorr bladder wall that was small enough to permit the subsequent 
sectioningg with the cryostat. Superiorly the specimen was cut approximately 
11 cm above the level of juxtavesical ureter and inferiorly through the bladder 
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neck.. The medial margin of the tissue bloc was at the parasagittal plane 
throughh the contralateral ureter orifice, and the lateral margin was some 
millimetress lateral to the ipsilateral ureter (Fig. 1). The resulting posterior 
bladderr wall was frozen in isopentane, precooled in liquid nitrogen and stored 
att -70 °C until further use. Serial cryostat sections (40um) were prepared with 
aa motor-driven cryostat (Adamas, Leersum, The Netherlands). 

Juxta-vesicall  level o o 

Bladderr neck 

Fig.. 1: Section lines (solid) in posterior bladder wall to prepare tissue bloc. PSP: 
Para-sagittall  plane, MSP: Mid-sagittal plane, UO: Ureteric orifice, LSL: Lateral 
sectionn line, SE: Serosal exit of the ureter 

Cryostatt sections were processed to demonstrate tissue 
acetylcholinesterasee (AChE) or butyrylcholinesterase (BChE, non-specific 
cholinesterase)) using the 'direct-colouring thiocholine method' (Karnovsky 
andd Roots, 1964; Thomson et al., 1994). The optimum pH for staining human 
bladderr smooth muscle was found to be 5.6 after testing a range from 4.5 to 
6.5.. The incubation medium was made in the following sequence while 
continuouslyy stirring: 25 mg acetylthiocholine (or 35 mg butyrylthiocholine) 
wass dissolved in 25 ml of a solution containing 120 mM sodium acetate, 40 
mMM sodium citrate and 6 mM copper sulphate. To this solution was added 5 
mll  5 mM potassium ferrocyanide and, if AChE was studied, 2.5 ml 0.01 mM 
tetra-isopropylpyrophosphamidee (iso-OMPA), a non-specific cholinesterase 
inhibitor.. The sections were incubated at room temperature. The optimal 
incubationn times were found to be 16 h for AChE and 8 h for BChE. The 
stainedd sections were mounted in Entellan (Merck, Darmstadt, Germany) 
afterr rinsing twice in bidistilled water. 
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ConnectiveConnective tissue analysis. Connective tissue was stained using picrosirius 
red,, eosine van Gieson and Periodic acid-Schiff staining techniques to 
visualisee collagen, elastin and glycoproteins, respectively. 

3D-reconstruction3D-reconstruction technique. The contours of different structures recognised 
att the UVJ were drawn on an A4 format paper after proper magnification. 
Fromm a series of consecutive sections, all relevant contours in the spatial 
configurationss were stored in an input database. Two reference points per 
sectionn were included for proper realignment of different sections in order to 
generatee a 3D-reconstructed model The 3D-reconstruction software was 
developedd in our laboratory (Verbeek et al., 1995). The input software ran on 
ann IBM- compatible PC-486 equipped with a high-resolution video adapter 
andd a colour monitor. From the contour model a volume model was 
generatedd using the 3D base format (Verbeek et al., 1993). Volume rendering 
wass used to produce a visualisation of the volume model (Fig. 7). 

RESULTS S 
Thee differential staining intensity for AChE and BChE of the smooth muscle 
cellss of bladder and ureter allowed us to distinguish structures of ureteric 
originn from the surrounding detrusor muscle. Despite the strict inclusion 
criteria,, sections stained to demonstrate both cholinesterase isoenzymes 
showedd a colour density variation, which was related to the post-mortem 
autopsyy interval. This was especially evident for BChE. To deal with this 
problem,, only ten "well-staining specimens" were included in this study. On 
thee basis of the expression of both isoenzymes, we have identified three 
differentt muscular structures (Table 1). 

Structures Structures 
DetrusorDetrusor musculature including deep trigone 
Ureterall  smooth muscle fibres and superficial trigone 
Musculariss mucosae 

AChE AChE 
++ + 
- // + 
+ + 

BChE BChE 
++ /++ 
+++ + 
++ + 

Tablee 1: Cholinesterase isoenzyme expression in structures forming the human 
ureterovesicall  junction. +++: strongly positive, ++: intermediately positive, +: 
weaklyy positive, -: negative. 

Thee detrusor muscle is mainly AChE-positive. The deep trigone, which 
iss that part of the detrusor that covers the trigone dorsally which is 
characterisedd by a circular orientation of the muscle fibres, accompanies the 
ureterr a few millimeters upwards and forms an incomplete ventromedial 
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sheathh around the juxta- and part of the transmural ureter. This periureteral 
sheathh is present mainly around the ventral part of the ureter (Fig. 2, 5). The 
deepp trigone gets bulkier and more vertically oriented towards the bladder 
neck.. In 3D reconstruction, the deep trigone makes the impression to be 
diamondd shaped with only the caudal part being covered by the superficial 
trigone.. At other locations of the detrusor muscle, bundles appear to be 
randomlyy oriented. 

Fig.. 2: Expression of acetylcholinesterase is observed in the circularly oriented 
detrusorr bundles (deep trigone: DT) at juxtavesical ureter level. BL: bladder 
lumen,, U: ureter. The ureter is acetylcholinesterase negative, (magnification: X7, 
bar:: 1 mm, specimen was from 72 years old female) 

Inn contrast to the detrusor muscle, the ureteric smooth muscle fibres are 
mainlyy BChE-positive (Fig. 3). The extramural ureter consists of a circular 
outerr and a longitudinal inner layer (Fig. 3). In the bladder wall the ureteric 
fibress all continue as longitudinally oriented "cables" which continue distally 
too form the superficial trigone (Fig. 4). The ureter lumen decentralises in its 
submucosall  course and opens at the ureteric orifice. 



Chapterr 2: Anatomy of the human UVJ 39 

Fig.. 3: Extramural ureter, stained to demonstrate acetylcholinesterase (panel A) 
andd butyrylcholinesterase (panel B). At this level, the ureter consists of a circular 
outerr and a longitudinal inner layer. The difference in enzyme activity pattern is 
evident,, (magnification: X7, bar: 1mm, specimen was from 72 years old female) 

Finally,, the muscularis mucosae can be visualised as islands of BChE activity 
directlyy under the bladder mucosa. These islands are absent in the trigone. 

Thee intramural ureter is surrounded by a periureteral connective tissue 
cylinderr which is directly continuous with the adventitia ureterae externally 
andd the lamina propria vesicae internally (Fig. 4). 

Fig.. 4: Longitudinal section of the entire human ureterovesical junction, stained 
too visualise butyrylcholinesterase. U: ureter, BN: superficial trigone muscle 
fibress are running to the bladder neck level. D: detrusor muscle bundles, ST: 
superficiall  trigone, BL: bladder lumen, (magnification: X3.5, bar: 1mm, 
specimenn was from 60 years old female) 



400 Chapter 2: Anatomy of the human UVJ 

Analysiss of connective tissue reveals the presence of collagen, elastin, and 
PAS-positivee material, which allows the ureter its proper mobility 
characteristicss in this trajectory. 

B B 

Fig.. 5: Transverse sections through the human ureterovesical junction. Panel A: 
sectionn at juxtavesical level. The deep trigone (DT) and ventromedially oriented 
periureterall  (less butyrylcholinesterase-positive: arrows) muscle fibres are 
observed.. Panel B: transverse section at intramural level. The deep trigone (DT) 
andd the periureteral muscle layer portion of the detrusor are located ventrally 
(arrows)) to the ureter. There is no muscular connection between ureter and the 
detrusor.. BL: bladder lumen, (magnification: X8, bar: 1mm, specimen was from 72 
yearss old female) 

Thiss periureteral connective tissue cylinder can thus directly interact with the 
connectivee tissue matrix of the detrusor muscle. No muscular connections can 
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bee observed between either the ureter and detrusor muscle or between their 
representativee derivatives, the superficial and deep trigone (Fig. 4). However, 
evenn though the periureteric loose connective tissue layer at the juxtavesical 
andd transdetrusor level allows the creation of an injectable space, we want to 
stresss that there is no pre-existing anatomical space (Fig. 5). A specific study 
too quantify the amount of connective tissue present was not undertaken by us. 

DISCUSSION N 
Thee interplay between the contractile and connective tissue components 
determiness the behaviour of most physiological processes. The UVJ is a 
chimericall  structure, which arises from the merging of the ureter and the 
bladderr muscle. The structure of UVJ has to fulfi l certain functional 
requirements.. Firstly, it forms the boundary between the low-pressure 
upperr urinary tract and the lower urinary tract with large alterations in 
urinaryy pressure. Secondly, it must allow the urine bolus to pass 
antegradelyy while still preventing vesicoureteral reflux (VUR) to the upper 
urinaryy tract. According to both our study and a similar study by Gearhart 
andd co-workers (1993), the ureter has no muscular connections with the 
detrusorr and is surrounded by a periureteral connective tissue sheath along 
itss entire intramural trajectory. This muscular (contractile) independence 
allowss the ureter to slide relatively freely in its transvesical channel. 

TheThe ureteric architecture and the anti-reflux mechanism. The exclusively 
longitudinall  orientation of the ureteric muscle fibres in the intramural 
trajectoryy suggests that this part of the ureter does not contribute much to 
thee peristaltic wave, but it seems to be able to decrease its length by a 
progressivee telescopic mechanism. Most urologists have observed this 
uretericc activity against a quiet bladder (detrusor) background during 
cystoscopy.. A VUR-preventing factor may be the ureteric peristalsis 
(constriction)) itself (Tsuchida et al 1963, 1967). Due to the shortening of 
thee intramural ureteric segment, the bladder lumen is actually displaced 
towardd the urine bolus awaiting in the UVJ to be discharged. A favourable 
sidee effect of the intramural ureter shortening is that the contracted portion 
off  the intramural ureter becomes thicker and can (partially) obstruct the 
ureterr lumen upstream of the urine bolus, thus blocking retrograde leakage. 
Afterr the passage of the peristaltic wave (spreading into the superficial 
trigone),, the shortened intramural and submucosal ureter segment are 
pulledd back by the trigonal extension of the ureteric muscle fibres to their 
restingg position and possibly even farther towards the bladder neck, thereby 
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temporarilyy increasing the length of the submucosal portion of the ureter. 
Byy such a mechanism, it should be possible to transport a urine bolus even 
againstt a higher bladder pressure. This mechanism is similar to the 
hydrodynamicc principles used in the construction of water locks which are 
usedd to protect low-lying areas from flooding and simultaneously permit 
transportationn of boats. 

Gearhartt and co-workers (1993) published the result of an enzyme-
histochemicall  study of the UVJ in children using the AChE- and BChE-
stainingg technique. Our findings concur with theirs with respect to the 
cholinesterasee expression pattern of the ureteric and detrusor muscle 
bundles.. Gearhart and co-workers (1993) describe, in addition to the 
longitudinall  muscle layer of the ureter, an "intermediate component" which 
surroundss the longitudinal layer at the UVJ and which continues towards 
thee bladder neck to merge with the superficial trigone. The muscle bundles 
describedd by these authors as intermediate component were also seen by us 
(seee Figs. 4 and 5), but considered to belong to the detrusor and therefore 
nott representing a separate entity. Especially Fig. 4 strongly supports our 
viewpoint.. We assume that the intermediate component of Gearhart and co-
workerss (1993) is identical to what we describe as the incomplete 
ventromediall  sheath of detrusor origin, which arises from the deep trigone 
(Figg 7). 

BladderBladder contribution to the anti-reflux mechanism. Tanagho and co-
workerss (1963-1965) emphasised the contribution of the deep and 
superficiall  trigone in the UVJ closure mechanism in their description of the 
functionall  implications of the topographic anatomy of the UVJ. Based on 
electro-stimulationn of the trigone and on the ureteric perfusion resistance 
registrationn in the dog they concluded that the stimulation and the 
contractionn of the deep and superficial trigone occludes the ureteric orifice 
andd acts as an anti-reflux mechanism. Our results also suggest that the 
ureterr does play an active role in this valve construction. We, however, do 
nott find that the anatomical substrate of the deep trigone is such that it can 
playy an important role in the UVJ closure mechanism. Gearhart and co-
workerss (1993) concur with this opinion. The deep trigone portion of the 
detrusorr which is of vesical origin (it shows the same cholinesterase 
isoenzymee activity as the detrusor) has no muscular connection to the 
ureter.. De relatively tiny connection of the deep trigone to the incomplete 
ventromediall  sheath (Fig 7) makes it implausible for it to play an important 
activee role in the ureteric closure mechanism or to be directly co-ordinated 
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withh functional ureteric activity. We therefore do not recognise these fibres 
ass a "middle trigonal layer" (Tanagho et al, 1963). This interpretation is 
supportedd by the observation that the anti-reflux mechanism in pigs 
functionss well in spite of the fact that they have no "Waldeyers sheath" 
andd that they lack the deep trigone (Thomson et al, 1994). In our opinion, 
thee ureteric functional autonomy, its internal fibre organisation and the 
asymmetryy of its lumen position in its submucosal trajectory are important 
factorss in controlling its own anti-reflux valve function. The firm muscular 
tunnell  through the detrusor is the important functional bed, which allows 
thee ureter to perform its anti-reflux function. The hypertrophy of the 
uretericc smooth muscle fibres that is seen in conjunction with an 
intravesicall  obstruction is perhaps a compensatory factor to prevent VUR, 
alsoo lending further support to this active mechanism (Fig. 6). 

Fig.. 6: Transverse section through the human ureterovesical junction at its 
submucosall  level in a trabeculated bladder. The section is stained for 
butyrylcholinesterase.. Note the hypertrophied thick ureteral muscle bundles 
withinn the hypertrophied detrusor. D: detrusor, U: ureter, (magnification: X7, 
bar:: 1 mm, specimen was from 75 years old male) 

TheThe species difference between the pig and the human UVJ. The 3D 
modelss generated from the cholinesterase-stained specimens, reveals the 
topographicc relationships between the different structures (Fig. 7). 
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Fig.. 7: Three-dimensional reconstruction of human ureterovesical junction based 
onn cholinesterase isoenzyme activities. Panel A is a full colour reconstruction. In 
panell  B, the lateral part of the reconstructed block is cut and the detrusor muscle 
iss made more transparent to show the topographic relationship between the 
ureterr and the detrusor. The asterisk (*) indicate incomplete muscle sheath 
whichh is continuous with the deep trigone. Note that this periureteral layer is 
presentt mainly around the ventromedial part of the ureter. Ureter and superficial 
trigonee (ST): green, detrusor (Del): red, deep trigone (DT): blue. The bladder 
lumenn is uppermost in the photograph. 

Inn the pig, the longitudinal inner layer of the ureteric muscle is clearly 
AChE-positive,, whereas the circular outer layer is BChE-positive 
(Thomsonn et al, 1994). In man, the entire ureteric muscle is BChE-positive 
(Fig.. 3). 

Localisationn of the ureteric 
orifice e 
Shapee of Trigone at 
urethrocystoscopy y 
Periureterall  muscle sheath 

Pig Pig 
Bladderr neck 

Difficul tt to 
recognise e 
Absent t 

Human Human 
Posteriorr aspect of 
bladderr wall 
Triangular r 

Present t 

Tablee 2: Species differences between the pig and human ureterovesical junction. 

Thee ureter orifices are macroscopically located at approximately the 
bladderr neck in the pig. Upon inspection during urethrocystoscopy, we 
observedd that the porcine trigone is less developed compared to that in the 
humann and is located very close to the posterior aspect of the bladder neck. 
Accordingg to our enzyme histochemical study, the pig also lacks a 
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periureterall  muscle sheath (Tab. 2). Investigations are in progress to study 
thee urodynamics and the mechanism of the anti-reflux function of the UVJ in 
thee pig in vivo. 
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ABSTRACT T 

Purpose::  The emerging technique of endoluminal ultrasonography (ELUS) 
providess a new modality for endoscopic visualisation of the urinary tract, 
whichh needs to be further, evaluated. We studied the normal anatomy of 
distall  ureter and ureterovesical junction using ELUS. 

Materiall  and Methods: An assessment of in vitro ELUS ureteric images 
undertakenn at 1 mm intervals from 8 fresh human cadaver pelvis blocs of 
bladderr and distal ureter were compared to findings of serial histological 
sectionss of the same specimens (stained for cholinesterase iso-enzymes) to 
assesss the degree of correlation. Computer-assisted 3D reconstructions were 
made. . 

Results::  The different components (ureteric, detrusor and periureteric tissue) 
off  the UVJ could be identified on the basis of echogenicity and form, but 
differentiationn between the respective muscle layers in the wall of the ureter 
orr of the detrusor was not possible. Nevertheless, ureteric volume 
measurementss and an assessment of transmural ureteric length and the angle 
off  passage through the bladder wall were possible. 

Conclusions::  ELUS is able to differentiate between the ureteric and detrusor 
musclee and the UVJ gross anatomy can be reconstructed. ELUS technology, 
however,, fails to differentiate between individual muscular layers of the 
ureterr or the detrusor. Further improvement in ELUS is mandatory. 
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INTRODUCTION N 
Thee anatomy of the ureterovesical junction has been studied extensively by 
differentt authors because of its significance as an anatomical substrate in the 
preventionn of vesicoureteral reflux (VUR)17. Endoluminal (ureteral) 
ultrasonographyy (ELUS) using a miniature flexible (4.1 F), high frequency 
(300 MHz) transducer near the catheter tip, enables one to obtain high-
resolutionn 360° cross-sectional images at short penetration depths 1 cm). 
Lowerr frequency catheters (20, 15 or 10 MHz) are commercially available 
forr deeper penetration depths when required. These flexible probes using the 
endoluminall  imaging technique were designed in the late 1980s to 
investigatee atherosclerotic plaques in peripheral and coronary vessels. 
Goldbergg and co-workers have also reported satisfactory experimental results 
inn animals with non-vascular applications of ELUS, including those of the 
urethra,, urinary bladder, ureter and renal pelvis". The technical 
improvementss in the field of transducer technology, miniaturisation, and the 
hard-- and software used help greatly to minimise artifacts. This experimental 
studyy was undertaken to study the potential use of ELUS in urology and to 
ascertainn whether detailed images of the UVJ could be obtained using ELUS, 
andd to compare the results thus obtained to the histological findings from the 
samee UVJ. The study was undertaken in vitro because: 1. The commercially 
availablee ELUS catheters are not designed for use in the urinary tract, are 
relativelyy stiff, very long, and uncalibrated, as well as having a relatively 
sharpp open end-point. These facts make endoscopic manipulation and 
orientationn difficult and may pose some hazards for the epithelial lining of the 
urethra,, bladder and ureter. 2. An in vitro study permits us to localise the 
transducerr visually so that interpretation of the topographic anatomy of the 
differentt images is very reliable. 3. The in vitro study is necessary to establish 
thee advantages and the limitations of investigation of different layers and 
theirr echogenic properties in fresh human material and to be able to establish 
thee morphological correlates. 4. From an imaging in vitro study it is possible 
too obtain morphometric data of ureteric volume measurements and bladder 
walll  thickness. 5. With suitably adapted catheter an in vivo ELUS 
investigationn in the urethra and ureter may in future be possible for volume 
measurements. . 



Chapterr 3: ELUS anatomy of the human UVJ and distal ureter 51 

MATERIA LL  AND METHOD S 
ELUSELUS catheter and equipment. Commercially available Du-MEDW 

equipmentt with 4.1 F ELUS catheters (140 cm long), and a 30 MHz 
miniaturee rotating transducer tip were used on loan from the cardiologists. 
Thee transducer generates 360° cross-sectional images at a velocity of 16 
framess per second. Bidistilled water was used to flush the space between the 
coree and body of the catheter occasionally to eliminate air bubbles. No 
balloonn dilatation was used. The ultrasound catheter was in direct continuous 
contactt with the ureteric wall. The images were simultaneously visualised on 
thee monitor and recorded on VHS videotape for later analysis and 
digitisation.. The catheter displacement was measured accurately using an 
electronicc device especially designed for this purpose. The device can detect 
displacementss of 0.1 mm (Fig. 1). 

ELUSS catheter 
Monitor r 

VHSS recorder 

Distancee display 

Hemitrigonee in physiological saline bath 

Figuree 1: Schematic representation of the experimental set-up. BN: bladder 
neck,, U: ureter with ELUS catheter inside. Rendered wedge represents a hemi-
trigone. . 

HumanHuman true-pelvis blocs: Eight human true-pelvis blocs (mean age 74, 
rangee 63- 86 years) containing bladder, distal 1/3 of the ureters and vagina 
inn females or rectum and prostate in males were obtained at post-mortem 
conductedd within 24 hours of death. The vagina or rectum was dissected 
andd removed very carefully from the bladder avoiding any damage to the 
posteriorr bladder wall or distal ureters. Perivesical fat especially around the 
ureterss was not manipulated to avoid any preparation artifact. The anterior 
bladderr wall was opened mid-sagittally and the specimen fixed with pins 
onn a plastic slab in the anatomic position. The mounted specimen was 
positionedd in a physiological saline bath. The ELUS catheter was 
introducedd antegradely into the cut distal ureter and advanced manually 
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towardss the bladder lumen until its tip appeared at the ureteric orifice. By 
retrogradee intermittent displacement of the catheter through the ureter 
lumen,, a series of ELUS images at 1 mm intervals of the UVJ were 
obtainedd and recorded on VHS videotape. 

Thesee images were later digitised using an analogue-digital converter 
andd stored on a hard disk. On completion of these studies, the posterior 
bladderr wall and ureters were carefully dissected free from the rest of the 
bladderr for further microscopic study. 

HistologicalHistological studies. Four percent formaldehyde/ 0.22 M sucrose/ 0.1 M 
sodiumm phosphate (pH 7.3) was used as fixative. The entire posterior bladder 
walll  was fixed for 16 hours at 4 °C. After fixation, the specimen was rinsed 
twicee in bidistilled water and frozen in isopentane, precooled in liquid 
nitrogen,, and later sectioned longitudinally or transversely at 40|xm. Cryostat 
sectionss were stained with haematoxyline-azophloxine (HA) or with the 
'direct-colouringg thiocholine method' as described by Karnovsky and Roots 

too demonstrate tissue acetylcholinesterase (AChE) or butyryl-
cholinesterasee (BChE, non-specific cholinesterase) activity. The optimum pH 
forr staining human smooth muscle was established to be 5.6, after testing a 
rangee from 4.5 to 7. A staining period of 16 h for AChE and 8 h for BChE 
gavee the best staining effect. The stained sections were mounted in Entellan 
(Merck,, Darmstadt, Germany). 

Three-dimensionalThree-dimensional computer-assisted reconstruction. The contours of 
differentt ultrasound textures recognised in the ELUS images were drawn 
manually.. From the series of consecutive sections, the contours in spatial 
configurationss were all serially stored in an input database. Two reference 
pointss per section were included for proper realignment of different sections 
inn order to generate a reconstructed three-dimensional (3D) model. The 3D 
reconstructionn software was developed in our laboratory 13'14 The input 
softwaree was run on an IBM compatible PC-486 equipped with a high-
resolutionn video adapter and a colour monitor. From the contour model a 
volumee model was generated using the 3D-base format 13. Volume rendering 
wass used to produce visualisation of the volume model (Fig. 4). 
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RESULTS S 
UltrasoundUltrasound properties of the UVJ. Despite the moderate quality of imaging 
acquiredd with this older generation of commercially available ELUS device, 
ourr study revealed the bladder and ureteric mucosa as one contiguous 
hyperechogenicc layer. Direct contact between catheter and urothelium must 
bee avoided to prevent the down-ring artifact (repetitive visualisation of the 
bodyy of the catheter) (Figs. 2a, f). Muscle tissue including ureteric and 
detrusorr muscle bundles are indistinguishable from each other based on the 
echogenicityy criterion alone. However, the ureteric muscle fibres (as seen in 
ourr in vitro specimens) had a fine-punctuate structure, in comparison to the 
detrusor,, which appeared to be circularly organised and had a rough texture 
(Figs.. 2d,e). ELUS does not enable us to differentiate between the different 
layerss of the bladder muscle e.g. the detrusor muscle, trigonal layer and the 
periuretericc muscular sheath, suggesting equal acoustic impedance. The 
resultss of our analysis of the echogenic properties of the UVJ are summarised 
inn Table 1. 

Structur e e 
Mucosaa (bladder/ ureter) 
Uretericc muscle 
Detrusor r 
Uretericc orifice 
Serosaa of the bladder 
Periuretericc tissue 

Ultrasoundd characteristic 
Hyperechogenic c 
Fine-punctuatee in shape, hypoechogenic 
Roughh and circular in shape, hypoechogenic 
Ann inverted hyperechogenic Q 
Thickk hyperechogenic line 
Hypoechogenic,, located posterior to the ureter 

Tablee 1: Echogenicity and US texture of contributing structures at UVJ level. 

TheThe topographic anatomy of the US images. The topography of the different 
partss of the distal ureter (juxtavesical, intramural and submucosal) can be 
visualisedd well with ELUS. Characteristic ELUS images are obtained at the 
junctionss of: 1) the juxtavesical and trans-detrusor portion of the ureter; 2) the 
trans-detrusorr and submucosal portion of the ureter; and 3) at the ureteric 
orifice,, which is the border between the bladder lumen and the ureter. The 
uretericc orifice is visualised as a rotated (depending on the position of the 
transducerr tip relative to the body of the catheter), hyperechogenic Q-shaped 
structuree (Fig. 2e). The detrusor muscle (rough US texture) is seen to 
surroundd completely the ureteric tube from the level at which the submucosal 
ureterr ends and the trans-detrusor ureter begins (Fig. 2d). The exit of the 
ureterr from the posterior bladder wall is also characterised by an 
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unmistakablyy thick tangential hyperechogenic layer, representing the acoustic 
impedancee difference between the ureteric muscle and the periureteric tissue 
(Fig.. 2c). Posterior to the serosa of the bladder wall the periureteric (fat) 
tissuee is imaged as a hypoechogenic field. 

Figuree 2: ELUS images (left) and correspondinghistological sections (right) of 
thee upper urinary tract. Magnification: Bar: 1 mm. Panel a: ELUS image of the 
uretericc mucosa (renal pyelum lumen: PL) which is hyperechogenic. 
Histologicall  section of pyelum is not relevant for this article. Panel b: ELUS 
imagee of the pelvic ureter (surrounding tissue has been removed carefully under 
thee dissection microscope). Ureteric muscle has a fine "punctate" US-texture. 
Histologicall  section (BChE) shows the same thickness and muscular pattern. 
Thee mucosa can not be visualised separately because of the down-ring artifact. 
Uretericc lumen: UL. Panel c: ELUS image of the ureter at its exit from the 
bladderr wall. The ureter serosal surface and the periureteric tissue (PUT) is 
delineatedd as a hyperechogenic circle. Histological section (BChE) at this level 
revealss that PUT is composed mainly of non-muscular tissue. For the 
topographicc position of this image see also Fig. 3, D: detrusor muscle. Panel d: 
ELUSS image of the submucosal segment of the ureter. The ureter is recognisable 
centrallyy by its punctuate muscle pattern and covered posteriorly by the 
circularlyy organised detrusor of "rough" echo-texture. Histology (BChE) reveals 
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thee same data and also shows that the border between the ureter and the detrusor 
(D)) is only a thin non-muscular adventitial layer. See also Fig. 4 for the 
topographicc position of this image. Bladder lumen: BL. Panel e: ELUS image of 
thee ureteric orifice (O) is hyperechogenic and has an rotated (Q) shape. In a 
histologicall  section (AChE stained) 1 mm. proximal to the orifice, one can see the 
detrusorr located posteriorly in the ELUS image. For the topographic position of 
thiss image see also Fig. 4. Bladder lumen: BL. Panel f: The mucosa of the 
bladderr is also hyperechogenic. Histological section of the bladder wall is 
omittedd for clarity of discussion. Bladder lumen: BL. 

Thee length of the transmural ureter was determined by measuring the 
displacementt distance 6 mm in this study) of the catheter through the 
ureterr from the Q-shaped ureteric orifice to the point of visualisation of the 
hyperechogenicc serosal layer. The bladder wall thickness 2 mm in this 
study)) at the transmural level can also be measured by ELUS at the same 
session. . 

Usingg these two parameters, one can calculate the sinus of the diagonal 
anglee (a= 5 degrees in this study) at which the ureter passes through the 
posteriorr bladder wall by employing the mathematical formula: 

sinsin a = (bladder thickness/ transvesical ureter length) 

Thee length of the transmural ureter and the backing provided by the thickness 
off  the detrusor may play an important role in preventing VUR and in 
maintenancee urinary bolus transport. 

3D3D reconstruction of the ELUS images and volume measurements. The 3D 
reconstructedd model obtained from analysis of serial ELUS images reveals a 
cross-sectionall  view of underlying morphology. It reveals a straight 
cylindricall  form because of two pre-marked reference points that were used 
(Fig.. 4). The cylindrical form correlates well with histological findings. The 
detrusor-musclee bed supporting the ureter is well visualised by this method. 
Usingg this form of reconstruction (Table 2 and Fig. 4) ureteric volume 
measurementss obtained by adding together data from five consecutive images 
att different segmental levels reveals that ureteric volume at the UVJ remains 
practicallyy constant throughout its transmural and submucosal passage. 
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Meann volume (mm3) 
SEM M 

Ureterr segment in millimetres (distal to proximal) 
01-055 05-10 10-15 15-20 20-25 25-30 
433 45 48 47 48 52 
1.44 2.8 2.5 2.8 1.8 2.1 

Tablee 2: Volume measurements (mm ) of serial 5 mm segments of eight left 
ureterss measured from the ureteric orifice to the juxtavesical ureter (distal to 
proximal).. SEM: standard error of the mean . 
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Figuree 3: The volume of the ureter at different levels within the UVJ. The error 
barss represent the standard deviation (SD) at different segments. 

Thiss data also supports the histological finding of reorientation of ureteric 
musclee fibres from two layers (an outer circular and an inner longitudinal) 
proximall  to the juxtavesical level into a single longitudinal layer in the 
intramurall  traject. A simple loss of the outer circular layer would entail a 
progressivee decrease in the ureteric volume throughout the UVJ traject. 

ComparisonComparison between ELUS and histology. ELUS generates characteristic 
reproduciblee images of specific sections of the ureter at the UVJ. The length 
off  the different segments can be determined. These lengths correlate well 
withh histological measurements (Table 3). The average UVJ length as 
measuredd by retrograde ELUS catheter movement was 23 6 mm as 
comparedd to 22 7 mm by in vitro measurement of histological material 
fromfrom the same ureter. The mean ratio of the ELUS to histological 
measurementss is 1.05 with a range of 0.8 to 1.2. The average diagonal angle 
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off  passage of the ureter through the bladder wall as measured by ELUS and 
histologyy is 11 5 and 13 2 degrees, respectively. 

Figuree 4: 3-D reconstruction of the human UVJ based on ELUS images. The 
constantt diameter of the ureter and backing provided by the detrusor bed to the 
ureterr are shown in this reconstructed model. SMU: submucosal ureter. The 
positionn of Figs. 2e,d and c c is indicated. 

HistologicalHistological studies. Longitudinal sections were stained and studied as 
describedd to measure accurately the ureteric length at the UVJ and provide 
controll  data for the analysis of ELUS images (Table 3). The ureteric muscle 
fibress were only longitudinally oriented at the UVJ. "Shrinkage" of tissue 
afterr fixation is calculated as a percentage change in length of a piece of 
ureterr (from the same cadaver), before and after fixation. This enables us to 
determinee a correction factor for the histological study. 
Shrinkagee of a strip of bladder wall leads to deformity of the specimen and 
madee measurement of detrusor shrinkage unreliable and is thus omitted. The 
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meann length measured of the transmural segment of the ureter at the UVJ was 
222 7 mm and the diagonal angle of passage of the ureter through the 
bladderr wall was measured to be 13 2 degrees. 

Mean n 

SEM M 
ELUSS / Histology 

ratio o 

Lengthh UVJ (mm) 

ELUS S 
23 3 
0.6 6 

Histology y 
22 2 
0.7 7 

1.05 5 

Thicknesss bladder 
(mm) ) 

ELUS S 
4 4 

0.2 2 

Histology y 
4 4 

0.4 4 

1.0 0 

Calculatedd angle 
(degrees) ) 

ELUS S 
11 1 
0.5 5 

Histology y 
13 3 
1.2 2 

0.85 5 

Tablee 3: Comparison between histological and Endo Luminal Ultrasonographic 
observations.. SEM: standard error of the mean. Mean of shrinkage of tissue due to 
fixationfixation for histological processing: 15% 

DISCUSSION N 
ELUSELUS and the UVJ anatomy. Reflux is an important pathological entity in 
paediatricc and early adult urology. The incidence of VUR is approximately 
onee percent and increases to 50 % in children with urinary tract infection8. 
Eightt percent of adults with bacteriuria reveal VUR as the underlying 
pathology9.. The complications of untreated, high grade VUR are serious for 
renall  growth in children and can led to renal insufficiency, end-stage renal 
failuree and hypertension10. Standard clinical evaluation of patients with VUR 
includess upper urinary tract radiography using intravenous urography (IVU), 
assessmentt of renal function by dimercaptosuccinic acid renal scan (DMSA) 
andd evaluation of ureterovesical junction competence by 
videocystourethrographyy (VCUG). Only a VUR of a grade higher than 3 
includess per definition a degree of hydroureteronephrosis and is detectable by 
bodyy surface ultrasound according to the international classification of 
vesicoureterall  reflux. Our study establishes that ELUS can be used to 
determinee a) the length of the transmural ureter segment (Fig. 3) and b) the 
anglee of passage of the ureter through the detrusor (table 3). Also the 
anatomicall  relationships between the ureter and its detrusor bed can be 
studied.. These facts are of importance in the study of the passive valvular 
mechanismm of the UVJ. The importance of the angular transmural passage of 
thee ureter and the presence of a good detrusor backing for the prevention of 
VURR are well known. ELUS provides more accurate method of investigating 
thesee two properties than abdominal ultrasound. Instrumentation does affect 
thee diagonal angle. Currently available catheters have, however, to be 
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modifiedd and miniaturised further before they can be used as a routine in 
officee urological practice for these static studies as well as for dynamic 
motilityy studies of ureter dynamics and urinary bolus transport. ELUS holds 
thuss the promise also of becoming a new clinical tool to study local UVJ 
pathology. . 

Conventionall  ultrasonography is today a well-established imaging 
modality.. Endoluminal ultrasonography is, however, relatively new. In 
urologyy transrectal endoluminal ultrasonography imaging of the prostate is a 
welll  established procedure and an important diagnostic tool. The endoluminal 
routee could provide an important new avenue for investigation of the upper 
andd lower urinary tracts provided suitable instruments are tested and 
developedd by urologists in collaboration with industry. Currently, 
conventionall  ultrasonography in infancy and early childhood permits the 
cliniciann to visualise the bladder lying intrabdominaly and only indirectly to 
assesss the effect of incompetence of the UVJ mechanism through the 
presencee of distal ureteric dilatation. However, this form of imaging is useless 
ass soon as the bladder descends into the pelvis during normal growth of a 
child.. ELUS as an emerging technology needs good evaluation in the 
urologicall  field to be able to asses its true potential. There have been 
incidentall  reports of its use in the uro-oncology literature as a diagnostic 
modalityy 15"20, but a systematic evaluation study of its potential for specific 
targett regions has yet not been reported. 

CurrentCurrent limitations of ELUS and resulting artifacts. The short penetration 
depthh of commercially available probes is responsible for the inability of 
ELUSS to study structures positioned more than 1 cm from the US probe. The 
(lateral)) resolution also decreases with the distance from a probe. Both these 
factorss affect negatively the quality of imaging of peripheral structures. In the 
casee of VUR with ureterohydronephrosis or "megaureter" the diameter of the 
ureterr could exceed the penetration depth of the probe and thus difficulties in 
studyy of the ureteric wall could ensue. In such cases switching down to lower 
frequenciess (20,15 or 10 MHz) would ensure sufficient imaging penetration. 
Thiss may, however, negatively affect the resolution of the entire image. 
Furthermore,, catheters with lower frequencies are at present thicker and less 
flexible,, which in turn produces difficulties for endoscopic manipulation and 
introduction.. This problem needs the urgent attention of bio-engineers. 

Ring-downn artifacts are imaged by the software because of the re-
reflectionn of the catheter s body echo as concentric rings around the US 
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probe.. These artefacts interfere with good imaging of structures like mucosa 
andd lamina properia. 

Thee ureter at the UVJ and in the pelvis is not a straight tube. The ELUS 
catheterr should thus be able to pass up curvatures in the ureter freely and still 
providee accurate imaging. Marked bending of an ELUS catheter can at 
presentt interfere with the rotatory mechanism of the probe causing non-
uniformm rotation of the core of the catheter and thus producing "pie-slice 
artefacts".. This artefact arises because the data obtained from a small 
segmentt of the imaging circle is spread out over a much larger segment. The 
manufacturee of more flexible probes e.g. containing a double central 
mechanismm rotating against each other to eliminate this non-uniformity of 
rotationn is a promising perspective in this respect. 

Thee software of the ELUS equipment is adjusted to image a cross-
sectionall  plane of tissue perpendicular to the longitudinal axis of the probe 
and,, hence, of the ureter. If this co-axiality is disturbed due to curvature or an 
acutee bend of the ureter or due to a larger diameter of the ureter, the imaging 
qualityy and especially the measurements based on such images will be 
distortedd and inaccurate. Also rotation of the ELUS catheter in relation to the 
tissuee under study as a possible solution could result in rotation of the 
ultrasoundd image on the monitor and loss of orientation for the investigator 
especiallyy when the penetrating depths are limited so that no peripheral 
anatomicall  structure can be used as an orientation point. 

ELUSELUS in urology. Currently available commercial ELUS probes are neither 
patientt nor user friendly. Certain important adaptations of the currently 
availablee commercial ELUS probes are urgently required to suit urological 
needs.. Mandatory adaptations should be: 1) calibration markings on the 
lengthh of the catheter similar to those on a standard ureteric catheter. 2) a 
multi-frequencyy probe tip to be able to examine tissue at various depths 
withoutt having to change catheters repeatedly. 3) a more flexible catheter 
whichh can negotiate curvatures and bends atraumatically. 4) adaptation of the 
catheterr to minimise pie shaped artefacts. 5) A shorter catheter length 5 
cm)) to minimise catheter kinking and facilitate endoscopic manipulation and 
handling.. 6) catheters should also be modified for easy endoscopic retrograde 
andd antegrade manipulation. 

ELUSS being a real time ultrasound modality could prove useful in 
motilityy studies in the upper urinary tract. In an "in vivo" study of ureter 
motilityy in the pig model, we have found the images obtained to be 
promising.. Ultrasound has a proven track record of safety and does not have 
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thee drawbacks of either X-ray investigation or of radioisotopes. This is an 
additionall  major advantage. Advances in miniaturisation in the foreseeable 
futuree should make it possible to have catheters suitable for the paediatric age 
groupp and office practice too. The availability of a urologically oriented 
commerciall  catheter would further reduce instrumentation trauma and tissue 
damage,, as well as permitting a systematic evaluation of this technology in 
improvingg diagnosis and investigation of space occupying lesions within the 
lumenn e.g. calculi or wall tumours of the upper urinary tract. Multi-frequency 
analysiss could also play an important role in assessing and measuring peri-
ureterall  pathology. Just as trans-oesophagial ultrasonography is used in 
cardiologyy to assess cardiac function, multi-frequency ELUS could be useful 
inn the evaluation of periureteral or perivascular lymph-node and 
retroperitoneall  pathology, especially in the pelvic region. 

CONCLUSION N 
ELUSS is a technique, which provides the clinician with a new diagnostic 
modality,, which could in future prove useful in the diagnosis and evaluation 
off  upper tract pathophysiology. Our "in vitro" study of the ureterovesical 
junctionn proves that histology correlates well with US imaging of the normal 
anatomicall  structure. The different muscular layers of the detrusor are not 
separatelyy imaged. Using this technique one can accurately measure the 
lengthh of the transmural ureter and the angle of passage through the bladder 
wall.. The backing provided by the detrusor muscle can be visualised well, 
especiallyy in the transdetrusor segment of the ureter. Changes of ureteric 
volumee of the transmural ureter can be studied. Using this technology, any 
weaknesss or defect in the detrusor layer would be identifiable and future 
therapyy could thus be better-planned or tailored to existing pathology in an 
individuall  patient. In our opinion, ELUS is a valuable new diagnostic tool 
whosee full potential needs to be evaluated further. The manufacture of a 
modifiedd ELUS catheter incorporating the mandatory adaptations and 
suggestionss offered by us is urgently required. 



62 2 Chapterr 3: ELUS anatomy of the human UVJ and distal ureter 

ACKNOWLEDGEMENT S S 
Thee authors wish to thank Dr. R.J.G. Peters and the Department of Cardiology 
(AMC),, Prof. dr. F.J.W. ten Kate and the Department of Pathology (AMC) as 
welll  as the staff of the Department of Experimental Surgery for their support and 
assistance.. We are also grateful to Prof. dr. B.L.R.A. Coolsaet for advice and 
criticallyy reading the text. This study was supported by a grant from the J.L. 
Emmettt Foundation. 

REFERENCES S 
1.. Tanagho, E.A., Pugh M.Ch. and Pugh, R.C.B.: The anatomy and function of the 

ureterovesicall  junction. Br. J. Urol., 35: 151-65, 1963. 
2.. Gil-Vernet, S.: Anatomical aspects of vesicoureteral reflux. In: Lutzeyer, W. and H. 

Melchiorr (eds.). Urodynamics, Berlin, Springer Verlag, pp. 171-8, 1973. 
3.. Gosling, J. A. and Dixon J. S.: Cross and microscopic anatomy of the urinary bladder. In 

Gosling,, J. A., J. S. Dixon, J. R. Humpherson (eds.). Slide atlas of urinary tract anatomy. 
Volumee III . London: Gower, pp 16-24, 1984. 

4.. Gerhart, J.P., Canning, D.A., Gilpin, S.A., Lam, E.E. and Gosling, J.A.: Histological and 
histochemicall  study of the vesicoureteric junction in infancy and childhood. Br. J. Urol., 
72:: 648-654, 1993. 

5.. Elbadawi, A.: Anatomy and function of the ureteral sheath. J. Urol., 102: 224-9, 1972. 
6.. Thomson, A.S., Dabhoiwala, N.F., Verbeek, F.J. and Lamers, W.H.: The functional 

anatomyy of the ureterovesical junction. Br. J. Urol., 73: 284-91, 1994. 
7.. Roshani, H., Dabhoiwala, N.F., Verbeek, F.J. and Lamers W.H.: Functional anatomy of 

thee human ureterovesical junction. Anat. Rec. 254: 645-51, 1996. 
8.. Cook, W.A. and King, L.R.: Vesicoureteral reflux, in: Harrison, Gittes, Perlmuttes, Stamey 

Andd Walsh (eds.) Campell's Urology. Fourth edition, Philadelphia, Pa: W B Saunders 
company,, pp 1605, 1979. 

9.. Powell, M.R. and Weiss, J.M.: Vesicoureteral reflux, in: Smith, (ed.) General urology. Eighth 
edition,, Los Altos, California, Pa: Lange Medical Publications, pp 128-128, 1975. 

10.. Wallace, D.M.A., Rothwell, D.L. and Williams, D.I.: The long term follow-up of surgically 
treatedd vesicoureteric reflux. Br. J. Urol. 50: 479-84, 1978. 

11.. Goldberg, B.B., Liu, J.B., Merton, D.A. and Kurtz, A.B.: Endoluminal US: experiments with 
nonvascularr uses in animals. Radiol. 175: 431-39, 1990. 

12.. Karnovsky, M.J. and Roots, L.A.: Direct-colouring thiocholine method for 
cholinesterases.. J. Histochem. Cytochem. 12:219-21, 1964. 

13.. Verbeek, F.J., de Groot, M.M., Huijsmans, D.P., Lamers, W.H. and Young, I.T.: 3D base: 
AA geometrical data base system for the analysis and visualisation of 3D-shapes obtained 
fromm parallel serial sections including three different geometrical representation. Comp. 
Med.. Imag. & Graph. 17: 131-63, 1993. 

14.. Verbeek, F.J., Huijsmans, D.P., Barten, R.J.A.M., Schoutsen, N.J.C., and Lamers, W.H.: 
Designn and implementation of a database and program for 3D reconstruction from serial 
sections:: A data-driven approach. Microsc. Res. & Techn. 30: 496-512, 1995. 

15.. Jensen, P.R., Hegelund, S. and Kjaer, T.: Diagnosis of pelviureteral duplication by 
ultrasoniclly-guidedd antegrade pyelography. Eur. J. Ultrasound. 2: 215- 218, 1995. 

16.. ten Hoff, H., Gussenhoven, E.J., Korbijn, A., Mastik, F., Lancee, C.T. and Bom, N.: 
Mechanicall  scanning in intravascular ultrasound imaging: artifacts and driving mechanisms. 
Europ.. J. Ultras. 2: 227- 239, 1995. 



Chapterr 3: ELUS anatomy of the human UVJ and distal ureter 63 

17.. Giesen, R.J.B., Huynen, A.L., de la Rosette, J.J.M.C.H., Aarnink, R.G., Debruyne, F.M.J, 
andd Wijkstra, H.: Ultrasonic computer imaging of the prostate; correlation between 
longitudinall  and transverse texture description.. Europ. J. Ultras. 2: 145- 151, 1995. 

18.. Holm, H.H., Torp-Pedersen, S., Larsen, T. and Dorph, S.: Transabdominal and endoluminal 
ultrasonicc scanning of the lower ureter. Scand. J Urol & Neph. Suppl. 157: 19-25, 1994. 

19.. Bagley, D.H., Liu, J.B. and Goldberg, B.B.: Use of endoluminal ultrasound of the ureter. 
Semin.. I. Urol. 10(3): 194-198, 1992. 

20.. Goldberg, B.B. and Liu, J.B.: Endoluminal urologie ultrasound. Scand. J Urol & Neph. 
Suppl.. 137: 147-154, 1991. 





CHAPTERR 4 

ANN ELECTROMYOGRAPHI C STUDY OF THE DISTAL PORCINE 
URETER R 

H.. Roshani13, N. F. Dabhoiwala1, T. Dijkhuis1, B. W. Ongerboer de Visser2, 
K.. H. Kurth1, and W. H. Lamers3. 

Departmentss of Urology , Neurology , Anatomy & Embryology , Academic 
Medicall  Centre, University of Amsterdam, Amsterdam, 

thee Netherlands 

Publishedd in 

Journall  of Urology 163,1570-1576, 2000 





Chapterr 4: EMG study of the distal ureter 67 7 

ABSTRACT T 

Purpose::  The accumulation of urine in the renal pelvis causes depolarisation 
off  non-specific muscular pacemaker cells. The wave of depolarisation 
spreadss distally in the ureteric smooth muscle cells via gap junctions. This 
wavee of excitation causes a co-ordinated peristaltic contraction, which 
transportss the urine bolus distally to the bladder. The EMG activity in the 
distall  porcine ureter was studied and analysed to establish the characteristics 
off  ureteric excitation. 

Materia ll  and methods: Ten female New Yorkshire pigs (50-60 kg) were 
studiedd in two groups under light halothane anaesthesia (5% at induction and 
1%% for maintenance anaesthesia). In both groups, each pig is studied in two 
separatee sessions at a weeks interval. In group I (n=5), bipolar needle 
electrodess (0: 0.09mm) were implanted through a lower mid-line abdominal 
incisionn in the posterior bladder wall, the trigone and in the pelvic ureter at 
intervalss of 3 and 8 cm, respectively, from the ureteric orifice. In group II 
(n=5),, EMG spike burst activity was studied using a twin bipolar ring-
electrodee attached to an endoluminal ureteric catheter. EMG complexes were 
recordedd using 0-30 Hz filters. The duration of spike burst complexes and 
theirr intervals were analysed using a Nicollet, Pathfinder II machine and a 
Poly®® 4.9 digital signal processing program. 

Results::  Two types of spike burst activity could be distinguished between 
thee electrodes: A: the migrating type and B: the non-migrating type. 
Frequencyy distribution analysis of spike burst duration revealed two main 
classess in experimental group II. A short spike burst (96%) which lasted 4.5 

 1.8 sec and a longer one lasting 13.4  1.5 sec. The conduction velocity of 
thee migrating spike bursts (n=177, 42% of total) between the proximal and 
thee distal electrode had an average of 2.3  1.3 cm/sec. No relationship was 
foundd between the duration of the proximal spike burst and the conduction 
velocity.. Data from experimental group I correlate well with that from group 
II . . 

Conclusions::  The results of our EMG study in the distal ureter reveal an 
approximatelyy 9 cm long electrically active zone in > 90% of EMG activity 
recordings.. The duration of activity lasts for approximately 5 sec. Such an 
excitedd segment of ureter leads to a contraction, which occludes the ureter 
andd can prevent retrograde leakage of intraluminal contents. 



68 8 Chapterr 4: EMG study of the distal ureter 

INTRODUCTIO N N 
Urinee produced in the kidney accumulates temporarily in the renal pelvis 
beforee being transported through the ureter into the bladder by periodic 
peristalticc activity. The ureter is a muscular tube between the low-pressure 
renall  pelvis and the bladder cavity where pressure varies widely depending 
onn the micturition cycle. Transport of the urinary bolus is essentially 
unidirectional.. Reflux of urine from the bladder to the upper tract (ureter, 
pyelumm or kidney) is by definition pathological and can damage renal 
functionn especially in a developing kidney in the presence of bacteriuria or 
urinaryy tract infection. Vesicoureteral reflux is an important cause of 
terminall  renal failure and associated renal hypertension in adults. 

Thee ureterovesical junction (UVJ) is the most distal portion of the 
ureter,, which traverses the posterior bladder wall to reach the ureteric orifice 
inn the bladder lumen. The most important function of the UVJ is considered 
thee prevention of vesico-ureteric reflux. The diagonal passage of ureter 
throughh the bladder wall and the length of its submucosal portion are the two 
mainmain factors responsible for the "passive" valvular function of the UVJ. 

Ann "active" valvular function at the UVJ level has also been 
reportedd by several authors including Gil-Vernet and Tanagho u . The 
sophisticatedd urodynamic study reported by Blok and co-workers also 
lendss credence to the presence of an active occluding mechanism3. On the 
basiss of their ureterovesical pressure profile (UVPP) study, they postulated 
thatt the base line of UVPPs represents the resistance to flow through the 
UVJ. . 

Wee have first studied the functional anatomy of the porcine and later 
thee human UVJ using enzyme-histochemical techniques to visualise 
Acetylcholinesterasee (AChE) and Butyryl cholinesterase (BChE, non-
specificc cholinesterase) activity4,5. Based on the above evidence we 
postulatedd that active contraction of the distal ureteric circular muscle at the 
juxtavesicall  level during the passage of a peristaltic wave transporting an 
urinee bolus functions as the "active" valvular mechanism to prevent reflux 
whilee the ureteric orifice is opened to deposit a urinary bolus into the bladder 
lumenn by an active shortening of the longitudinal muscle fibers over the 
urinaryy bolus lying within the transmural and submucosal segments of the 
terminall  ureter. Distal spread of ureteric "peristalsis" into the superficial 
trigonee again restores the submucosal ureteric length and re-establishes the 
passivee anti-reflux mechanism (Fig. 1). To test the validity of this dynamic 
hypothesiss based on our morphological studies, we undertook ureteric 
peristalsiss studies in the pig model. 
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Figuree 1: The sequence of excitation, contraction and pressure rise within the 
ureter.. Asterisk represents a pace maker cell in the muscular wall of the renal 
pelvis. . 

Thiss article discusses the characteristics of ureteric excitation in the distal 
porcinee ureter and the effect of intra-ureteral instrumentation on these 
characteristics.. A study of ureteric contractions and the resulting pressure 
changee in the ureter is the subject of a separate publication. 

MATERIAL SS AND METHOD S 
ExperimentalExperimental animals and the anaesthetic procedure. Ten New Yorkshire 
femalee pigs were studied in two groups. EMG of the ureteric muscle in 
groupp I (n=5, 3 kg) was obtained using a lower abdominal laparotomy to 
placee needle electrodes in the ureteric wall under vision ("open" procedure). 
Inn group II (n=5, 7 kg) a minimally invasive endoluminal approach using 
aa self-made EMG catheter was used. During anaesthesia, optimal muscular 
activityy for EMG measurements was maintained. As pre-medication 20 mg 
Azaperonn plus 150 mg Ketamine per 10 kg body weight and 1 mg Atropine 
weree administered intravenously. General anaesthesia was induced using 5% 
halothanee and maintained on 1% halothane and a mixture of 50% N20 and 
50%% 02. One mg sulfentanil was administered intravenously prior to the 
abdominall  incision in the group I series at least an hour prior to 
commencementt of registration of EMG recordings. Peri-operative antibiotic 
coverr was provided by 1200 mg Augmentine intravenously while hydration 
wass maintained in group I by infusion of physiologic saline solution at the 
ratee of 0.48 0 L/hour and in group II 0.35  0.08 L/hour. This rate of 
infusionn was chosen because the animal was fasting for more than 12 hours 
preoperativelyy and general anaesthesia produces a drop in blood pressure 6. 
Too deal with these problems and in order to maintain an optimal stable 
circulationn these infusion rates were needed. Urine produced was 
macroscopicallyy undiluted. Continuous monitoring of blood pressure, 
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electrocardiographicc and pulmonographic parameters was maintained during 
thee whole procedure to ensure optimal metabolic functioning. Each animal 
wass studied in two sessions at an interval of one week to study the effect of 
instrumentationn on the ureter. Analgesics and antibiotic drugs were 
administeredd to the animal postoperatively as required to reduce the 
discomfortt from instrumentation and as chemoprophylaxis. 

ElectromyographicElectromyographic recordings device and EMG electrodes used. Group I: 
Bipolarr copper needle electrodes (0 = 0.09 mm, L: ca 5 mm, Teflon 
insulationn by Drijfhoud company in the Netherlands) were inserted in the 
uretericc muscle under direct vision. Electrodes were placed at distances of 
approximatelyy 3 and 8 cm from the ureteric orifice and into the posterior 
aspectt of the bladder wall as well as the ipsilateral trigone after opening the 
bladderr through a small anterior vesicotomy. The indifferent electrode was 
connectedd to an abdominal forceps. The impedance of the electrodes and 
tissuee was ~12 ¥S1 and was checked before the recordings were undertaken. 
Thee commercially available EEG device Pathfinder II Nicollet® was used to 
measuree the potentials. The band pass was maintained between 1 to 30 Hz to 
minimisee the environmental artefacts. The recordings were stored on the data 
diskk and plotted on paper. The software of the Nicollet® was able to measure 
thee duration of each EMG complex in each channel and also the interval 
betweenn the sequence complexes in different channels. The amplitude of the 
complexess was set to fit the graphic facilities for recording. The data 
obtainedd from the recordings (duration of each EMG complex in each 
channelchannel and the time interval between two progressing complexes from the 
proximall  and distal channels) was stored and analysed using the Microsoft 
Exell  7.0 spreadsheet program running on an 586 IBM compatible machine. 
Anyy deviation from the base line visible simultaneously in different channels 
wass considered an artefact and excluded from further analysis. No 
correlationn was found between respiration, heart rate and the occurrence of 
EMGG spikes. 

Groupp II: EMG complexes were obtained endoluminally using two 
bipolarr gold (99.99% pure) ring electrodes (0 = 0.15 mm, L: ca 6 mm, 
polycarbonatee insulation: Tremel-coated by Drijfhoud company in the 
Netherlands)) attached to a 6F ureteric catheter at an interval of 10 cm from 
eachh other. The EMG catheter was introduced through the working channel 
off  a 22F rigid cystoscope. Ureteric electrical activity was recorded at 3 and 
133 cm levels from the ureteric orifice. The indifferent electrode was 
connectedd to the cystoscope. The second working channel of the cystoscope 
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wass used to ensure that the bladder remained empty throughout the 
registrations.. The Pathfinder II Nicollet® was used as described in group I. 
Thee impedance measured was ~4 KQ which is much less than in the group I. 
DAS-8-PGA,, an analogue / digital interface with 12-bit resolution was used 
too digitise the EMG signal. A sampling frequency of 100Hz was established 
accordingg to the Nyquist principle. Digital signal processing was undertaken 
usingg the Poly 4.9 digital signal-processing program running on a 586-100 
MHzz IBM compatible machine. Fast Fourier transformation analysis of the 
frequencyfrequency power spectrum was carried out. To exclude the possibility of 
signalss being recorded and caused by movement artefacts uncoupling of 
excitation-- contraction cycle using a Ca+ antagonist agent (Nifidepine) was 
alsoo undertaken. We resorted to a rapid intra-aortic bolus infusion of 60 mg 
off  Nifidepine and recorded continuously endoluminal ultrasonographic and 
mechanicall  ureteric activity in the contra-lateral ureter, which revealed a 
completee absence of any mechanical activity. The logistics of our current 
experimentall  set-up did not permit us to undertake any intracellular 
measurementss to establish beyond any shadow of doubt an uncoupling 
effect. . 
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RESULTS S 
DescriptionDescription of spike bursts in the ureter, trigone and detrusor using the open 
andand endoluminal approaches. The form of ureteric EMG spike burst activity 
didd not differ in either the open or the endoluminal measurements or 
betweenn the recordings in the virgin or post-instrumented ureter. Two types 
off  EMG complexes could be observed. The first type migrated from one 
electrodee to the other (group I: 110/202; 54%, group II: 177/421; 42%), 
whilee the other type was stationary and recording was observed in only one 
electrode.. The direction of the migrating spikes was mainly from the kidney 
towardss the bladder, but retrograde migration of spikes was also observed 
occasionally.. The duration of the ureteric EMG spike bursts also differed. 
Somee were of a short duration (short spike bursts) while others). 

Duration n 
Shortt spike 

bursts s 
Longg spike 

bursts s 

Progressing g 
Migratingg Non-migrating 

Migratingg short spike Non-migrating short spike 
burstss bursts 

Migratingg long spike Non-migrating long spike 
burstss bursts 

Tablee 1: Description of different kinds of ureteric EMG spike bursts 

Thee uncoupling of excitation and contraction realised by the intra-aortic 
administrationn of the 60 mg Nifidepine revealed the preservation of EMG 
complexess in the absence of ureteric peristalsis as revealed by endoureteric 
ultra-sonographicc monitoring in the contra-lateral ureter simultaneously. The 
positivee correlation between ureteric EMG activity and peristalsis could also 
bee studied and established by visual control in the first five pigs (group I) by 
twoo independent observers. 

Thee trigonal EMG was technically difficult to record, but 70 spike 
burstss in the trigone were recorded. The study of these revealed similarities 
off  form and of migration pattern to that of the ureteric EMG. Recordings of 
thee detrusor EMG revealed periodic activity that was totally independent of 
uretericc activity. 
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Panell  2a: Simultaneous identical recording in 
twoo different channels represents an artifact. 
Thee second signal in Al is a real non-migrating 
uretericc signal in the proximal recording 
electrode. . 

PAn. . 

Panell  2b: No relationship is found between the ureteric 
EMGG (Aland A2) and the bladder and anus pressure. P 
bladderr (P Bl.) and P anus (P An.) are synchronous with 
respiration.. Notice the different patterns of duration and 
progressionn of the EMG spike burst activity. 
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Panell  2c: Al (proximal ureteric), A2 (distal ureteric) 
andd A3 (trigonal) recordings are quiet while A4 
(detrusor)) recording shows clearly periodic activity. 
Noticee that these recordings are of a relatively short 
duration. . 
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Panell  2d (recorded some 
minutess after 2c): The 
migratingg ureteric EMG 
signall  (A1-A2) has a 2.2 sec 
latency,, appears later in the 
trigonee (A3), and has a 
longerr conduction latency 
(7.33 sec). The detrusor EMG 
activityy (A4) has in the 
meanwhilee increased. It 
remains,, however, inde-
pendentt of the ureteric 
recordings. . 

y , ^ ^ ^ ^ ^ ,, Panel 2f: The migration of 
thee EMG signal from Al to 
A22 and subsequently to A3 

tfaJi^Ajfos.tfaJi^Ajfos.  is clearly recorded here. 
Notee that the conduction 
velocityy in the intramural 
ureterr is decreased and the 
detrusorr signal is quiet. 
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Panell  2e: Magnification of 
recordingg of panel 2c; 
Noticee the stable base line in 
A4.. One can observe that 
thee ureteric EMG signals in ^2 
All  and A2 are totally 
independentindependent to the detrusor 
activityy in A4. See also 
panelspanels 2c, d, f. A ] 
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Panell  2g: Endoluminal EMG recording of the porcine ureter; Note the 
differentt duration patterns. 

Figuree 2: Examples of different kind of spike bursts as recorded in current study. 
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QuantitativeQuantitative analysis of the EMG complexes in the open approach (group I). 
Duringg experiments with the first five pigs, we developed skills to continue 
thee study (in group II) by minimally invasive endoluminal approach. 
Comparisonn of results between group I and II revealed the effect of open 
surgeryy on EMG characteristics. 

Thee ureter: A total of 202 spike bursts from both proximal and distal 
electrodess were recorded. The frequency-distribution analysis of spike burst 
durationduration revealed good correlation between data obtained from the proximal 
andd the distal electrodes (Table 2 and Fig.3). Migration of spike burst 
activityy between the two electrodes was observed in 110 out of 202 (54%) 
studiedd cases. The conduction velocity of the migrating spike bursts between 
thee proximal and the distal electrode (5 cm distance) was calculated to be 2.1 

99 cm/sec. A length of ~7 cm ureter was thus electrically active during 
90%% of ureteric excitations. 

Proximall  spike bursts 

Spike e 
rangee (sec) 

1-7 7 
7-11 1 
11-14 4 

(n== 154) 
Number r 

(%% of 
total) ) 

136(88%) ) 
13(9%) ) 
55 (3%) 

Durationn
SDD (sec) 

0 0 
6 6 
7 7 

Distall  spike bursts 

Spike e 
rangee (sec) 

1-7 7 
7-9 9 
9-12 2 

(n== 123) 
Number r 
(%% of 
total) ) 

113(92%) ) 
66 (5%) 
44 (3%) 

Durationn
SDD (sec) 

3.1=1== 1.1 
7.6  0.4 

6 6 

Tablee 2: Three classes of the spike burst duration were observed by the open 
approachh at laparotomy. The majority (90% of both recordings) of ureteric activity 
rangess between 1 and 7 sec with an average of 3.3  1.1 sec. 

Thee trigone: Needle electrodes were inserted in the submucosa of the 
trigonee to obtain the trigonal EMG. Haematoma formation due to the 
introductionn of the needle electrodes was the major problem. We were, 
however,, able to record 70 spike bursts at a point one cm distal to the 
uretericc orifice. Analysis of data revealed close similarity to the ureteric 
resultss (Tables 2, 3 and Fig. 3). Migration of distal spike burst to the 
superficiall  trigone was recorded in 34/70 (49%) of the recordings. The 
conductionn velocity of these signals is 1.2  0.4 cm/ sec, or 57% of the 
conductionn velocity in pelvic ureter (Fig. 4). 
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Frequencyy distributio n of the proximal, distal and superficial trigonal 
spikee burst duration (open approach) 

66 7 8 9 10 
Durationn of spike bursts (sec) 

Figuree 3: Distal EMG signal is shifted slightly to the left (open approach). A 
similarityy of 80% (Student's t test: 0.8) is found between the range 1-7 second in 
proximall  and distal group. The trigonal EMG is similar to the distal EMG signal. 

Thee detrusor: Simultaneous recording of detrusor EMG activity was 
performedd to study ureteric functional autonomy, which we assumed must 
bee present on the basis of the hypothesis postulated by us based from our 
morphologicall  findings. Most detrusor EMG signals lasted more than 100 
secc which was above the maximal measurement capacity of our Nicollet 
instrument.. The duration of other (short) signals from the detrusor that we 
couldd study was much longer (8.2  5.3 sec) than the ureteric one (3.3 1 
sec)) and no migration pattern could be found. 

Spike e 

Distall  spike bursts 
(n== 123) 
Number r 

rangee (sec) (% of 

1-7 7 
7-9 9 
9-12 2 

total) ) 
113(92%) ) 

66 (5%) 
44 (3%) 

Durationn
SDD (sec) 

3.1  1.1 
7.6  0.4 

6 6 

Trig g 

Spike e 
rangee (sec) 

1-7 7 
7-9 9 
9-12 2 

onall  spike bursts 
(n=70) ) 

Number r 
(%% of 
total) ) 

622 (88%) 
44 (6%) 
44 (6%) 

Durationn
SDD (sec) 

3.7  1.6 
7.9  0.2 
l l . l i l . 6 6 

Tablee 3: Frequency distribution of spike burst data shows a tri-phase in the distal 
andd in superficial trigone (open approach) 
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Conductionn velocity (open approach) of the EMG signal 
inn pelvic ureter  and UVJ 

] ] 

ili i 

' ' 

 > , : 

1 1 

Intramurall  ureter Pelvic ureter 

Figuree 4: Conduction velocity of the EMG signal (open approach) decreases by 
43%% when passing through the intramural ureteric segment. Error bars are 
standardd deviations. P value by student t-test: 0.000001 

QuantitativeQuantitative analysis of the EMG complexes using endoluminal (minimally 
invasive)invasive) approach (group II). The advantage of this technique is that it is 
easierr to perform, that it is minimally invasive and that the data are less 
affectedd by artefact from open operative manipulation. 

AA total number of 421 spike bursts in the proximal and distal 
recordingss were studied. The frequency distribution of the spike burst 
durationn was similar to that in group I and revealed that spike burst activity 
wass distributed in two main classes (Table 4, Fig. 5). Migration of the spike 
burstss between the two electrodes was observed in 177 (42%) of the 421 
recordings.. The conduction velocity of the migrating spike bursts between 
thee proximal and the distal electrode (10 cm distance) was averaged to be 2.3 

 1.3 cm/sec. No relationship was found between the duration of the 
proximall  spike bursts and the conduction velocity (Fig. 6). The average of 
thee spike burst duration was 4.8 8 sec in the measurements before 
manipulationn and 4.0 7 sec at one week post intraureteric instrumentation, 
whichh is not statistically different (Pstudent t-test: 0.45) (Fig.7). The 
measurementt of the migration time of the ureteric spike burst in the ureter 
beforee and after manipulation revealed that the conduction velocity increased 
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fromm 2.0  cm/sec (n= 88) to 2.5 9 cm/sec (n=26) before and after the 
manipulationn respectively (PstUdentt-test: 0.01, Fig. 8). 

Proximall  spike bursts 
(n== 334) 

Spikee Number Duration
rangee (sec) (% of SD (sec) 

total) ) 
1-111 322(96%) 8 

11-166 12(4%) 5 

Distall  spike bursts 
(n== 263) 

Spikee Number Duration
rangee (sec) (% of SD (sec) 

total) ) 
1-122 260(99%) 2 

12-- 16 3 (1%) 13.2  1 

Tablee 4: Two classes of the spike burst duration as observed by endoluminal 
approach.. The majority (96%) of ureteric activity ranges between 1 and 11 sec 
withh an average of 4.6  1.9 sec. 

Frequencyy distributio n of proximal and distal spike bursts duration 
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Figuree 5: Spike burst are distributed in two main classes (endoluminal approach). 
Proximall and distal recording show same distribution pattern. 

FastFast Fourier transformation (FFT) analysis to study the power spectrum. 
Thee validity of the band pass (1-30 Hz) used by us was further established 
byy power spectrum analysis using fast Fourier transformation of initial wide 
inputt band pass (0.1-1000 Hz). It revealed that the peak EMG activity of the 
ureterr is at 20 Hz. No other higher or lower frequencies were observed. 
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Signall  conduction velocity as the function of proximal signal duration 

'c-'c-

 Real conduction velocity 

•Averagee conduction velocity 

l!!  ! "

66 8 10 
Proximall signal duration (sec) 

12 2 14 4 16 6 

Figuree 6: Conduction velocity of ureteric EMG signal decreases slightly (non
significant)) when the (proximal) signal becomes longer. 

DISCUSSIONN AND CONCLUSION 
Thee transport of a urine bolus through the ureter results from a sequence of 
electricall excitation of the muscular components, followed by their 
contractionn (a constriction where circular muscle bundles are present) and 
thee segmental rise of ureteric wall tension in order to generate a peristaltic 
wavee movement (Fig 1). Djurhuus and co-workers found evidence that the 
renall pelvis control ureteric activity. The frequency of the pelvic EMG 
activityy increases with intra-pelvic pressure. They assume that pelvic 
functionn follows a stretch-response curve7"9. According to "Multiple coupled 
oscillators"" model as explained by Golenhofen (1973) and Constantinou 
(1981),, multiple renal pelvic pacemaker cells are able to oscillate 
independentlyy 10"12. The propagation of these signals to the ureter depend to 1) 
thee number and the power of these oscillations and 2) whether these 
oscillationss are synchronised. Each action potential is characterised by a rapid 
depolarisationn followed by a plateau and a slow repolarisation phase. Spikes 
weree observed at the plateau phase of some spices. The propagation of the 
signall through the ureter is purely myogenic depended to the gap junctions 
betweenn the smooth muscle cells8"9. The rise in wall tension and, thus, the 
boluss transport, depends on two elements: a, the contractile components 
whichh ensure the power that is needed for the rise in tension (the motor 
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role)) and b, the compliance of the tube (the internal freedom or resistance 
too change of form) which is mainly represented by the quality and quantity 
off  the connective tissue 12"13. The electrically active zone displaces itself 
distallyy via gap junctions to eventually reach the pelvic ureter and the UVJ. 
TheThe length (velocity of signal conduction differentiated in time) and the 
durationduration of this active zone in the distal ureter are the parameters which 
determinee the length of a "contracted" ureteric segment during ureteric 
peristalsiss and thus guarantee unidirectional fluid transport. A rapid 
conductionn velocity is associated with a longer contracted segment, but a 
slowerr conduction velocity is associated with an increased number of 
activatedd smooth muscle cells, so that the contraction force is stronger. This 
inversee relationship between the EMG signal propagation velocity and force 
hass been elegantly demonstrated in an in vitro study . 

StudyStudy of ureteric excitation supports its underlying morphological basis. 
Fromm the endoluminal measurements undertaken in an earlier non-
catheterisedd "virgin" ureter a length of ~10 cm is calculated to be excited. 
Thee average excitation duration is calculated to be 4.5 sec. These twin 
characteristicss play an important role in ureteric contraction, its 
unidirectionalityy as well as the discharge of urine bolus from the most distal 
portionn of the ureter into the bladder cavity. The ureter contraction occurs 
0.22 sec after its excitation . 

TheThe effect of intraureteric instrumentation. To visualize the effect of 
intrauretericc instrumentation we compared the distribution of spike burst 
durationn before and after one week of intraureteric manipulation 
(catheterisation).. As illustrated in fig. 6, some spike bursts in the range of 2 
too 9 sec were suppressed at one week. The conduction velocity increased 
fromm 2.0 6 cm/sec (n= 88) to 2.5 9 cm/sec (n=26) before and after the 
manipulationn respectively (Pstudent west: 0.01, Fig. 7). This significant increase 
off  the propagation velocity of the EMG signal may be due to a 
hypopolarisedd state of the cellular membrane as a result of local 
inflammationn after manipulation. Intracellular potential measurements could 
nott be undertaken given the limits of our in vivo experimental set-up. The 
riserise in the conduction velocity apparently compensates for the decrease in 
thee average of spike burst duration after manipulation to establish a certain 
lengthh (-10 cm) of excited ureter. 
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Frequencyy distributio n of spike bursts duration before and after 
intraureteri cc instrumentation 
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Figuree 7: The effect of intraureteral instrumentation on the frequency distribution 
off  ureteric spike bursts. Some spike bursts in the range from 2 to 9 sec in duration 
revealss a shift to the left. 

Fromm our morphological studies, it appears that the intramural 
segmentt of the ureter can contract and open the ureteric orifice during the 
passagee of a urine bolus5. A length of 3 cm (maximum length of the UVJ) 
iss excited and retracts in 2.5 sec (3 cm/ 1.2 cm/sec), which is within the 
latentt period of excitation of the most distal portion of the extravesical 
ureter. . 

Itt is known that the contraction duration of smooth muscle is relatively 
longg . The periods of excitation recorded by us would, under normal 
physiologicall  conditions, probably be slightly longer, since general 
anaesthesiaa is known to decrease the ureteric peristalsis activity. 
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Conductionn velocity of EMG (cm/sec) 
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Figuree 8: Conduction velocity of the EMG signal increases after intraureteric 
manipulationn (catheterisation) by a factor of 1.25. Error bars are standard 
deviations.. P value by student t-test: 0.003 

SmoothSmooth muscle EMG and its urological application. Data concerning the 
electricall  properties of smooth muscle EMG in urology is limited to in vitro 
studyy of muscle strips and a limited number of in vivo publications on the 
corpuss cavernosum EMG in order to study and find therapeutic clues to 
erectilee dysfunction7"11'15"17. Data acquisition is a major problem in studying 
smoothh muscle EMG generally and in studying the upper urinary tract 
especially.. The positioning of reliable minimally invasive electrodes within 
thee upper urinary tract in standard locations has until now not been possible. 
Thiss technical problem, the fact that the available hardware is not designed 
forr smooth muscle EMG studies, and the absence of accepted standard 
valuess are responsible for controversies surrounding the results obtained by 
differentt groups of investigators. The introduction of fast Fourier 
transformationn analysis of smooth muscle electrical activity by Merckx and 
co-workerss was a major step forward in solving these problems1 . 

Shafikk studied EMG activity and intra-luminal pressure rise in the 
humann ureter in patients who underwent rectopexy due to rectal prolaps . 
Hee was able to distinguish separate pacesetter- and action potentials in 
differentt segments of the ureter. Mechanical activity is accompanied by 
uretericc action potentials. The duration and conduction velocity of the action 

1 1 

II
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potentialss was not reported by him but he did report that pacesetter potentials 
weree conducted at 5.9  1.2 cm/sec in his study. This is slightly faster than 
thee results in the pig model. There may be an underlying species or 
operation-relatedd factor responsible for this difference. 

Simultaneouss recording of EMG, ureteric wall movement and or 
intrauretericc pressure rise delivers useful information about the coupling of 
thee excitation and contraction cycle. It is however not easy to acquire 
reliablee data on ureteric movement. X-ray imaging techniques using contrast 
mediaa are slow and reveal relatively static momentary images. Implantation 
off  movement detectors on the ureter is invasive and would undoubtedly 
affectt ureteric physiology. The use of colour Doppler ultrasound as 
describedd by Summers and co-workers (1992) or radioisotope imaging as 
reportedd by Lepej and co-workers (1991) and Wemyss- Hold (1993) may be 
usefull  non-invasive techniques19"20. We have studied ureteric motility 
patternss using endoluminal ultrasonography and our data reveals that 
correlationn exists between ureteric excitation as revealed by EMG and 
peristalticc activity as recorded by endoluminal ultrasonography. 
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ABSTRACT T 

Purpose::  Experiments were performed to quantify the duration and 
frequencyfrequency of ureteric peristaltic activity in the laparotomized and non-
laparotomizedd pig in its virgin and post-instrumented states. 

Material ss and Methods: Pigs (n=10) in a steady state of hydration were 
studiedd under halothane anesthesia in two groups. The study was undertaken 
inn two separate sessions at a week's interval. In group I laparotomy and 
vesicotomyy were undertaken to obtain ELUS images. In group II, peristalsis 
wass studied using an ELUS probe introduced through the working channel 
off  a 22F rigid cystoscope. Peristalsis was visualized as a periodic diameter-
changee of ureter and recorded (for approx. 30 minutes) on videotape after an 
initiall  period of adaptation of approx. 30 minutes. 

Results::  The ureter acts like a pump discharging urine into the bladder 
throughh peristaltic activity. ELUS imaging of ureteric peristalsis correlated 
welll  with "eyeballing" of the passage of peristalsis through a ureter (group 
I).. The shortest peristaltic activity in group I was 6.0+2.0 sec in the non-
instrumented-- and 5.1 4 sec in the instrumented ureter. In group II it was 

55 sec in the non-instrumented- and 6.4+1.5 sec in the instrumented 
ureter.. Chronic dilatation of ureter led to decrease in peristalsis frequency. 
Interestingly,, acute dilatation caused an increase in ureteric peristalsis 
frequency. frequency. 

Conclusion;;  Ureteric peristalsis acts as a pump discharging urinary boluses 
(intraluminall  fluid load) unidirectionally into the bladder. ELUS provides us 
ann opportunity to quantify and study ureteric peristalsis. 
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INTRODUCTIO N N 
Urinee produced in the kidney accumulates only temporarily in the renal 
pelvis.. It is transported by periodic ureteric peristaltic activity towards the 
bladder.. The ureter is a small caliber muscular tube connecting the low-
pressuree renal pelvis to the bladder cavity where pressures can alter rapidly 
andd over a wide range depending on the micturation cycle. Transportation of 
urinee is essentially unidirectional. Reflux of urine from the bladder into the 
upperr tract (ureter, renal pelvis or collecting system of the kidney) is by 
definitionn a pathological entity and can lead to damage of renal function. 
Thiss may in time lead to chronic renal failure and hypertension. Upper 
urinaryy tract infection or bacteriuria in combination with intra-renal reflux is 
especiallyy harmful to the growing kidney of children. 

Thee ureterovesical junction (UVJ), the distal most portion of the 
ureter,, which traverses the posterior bladder wall to reach its termination at 
thee ureteric orifice in the bladder lumen, has the important function of 
preventionn of vesico-ureteric reflux (VUR). The diagonal passage of the 
ureterr through the bladder wall and especially the length of the submucosal 
segmentt are believed to play an important role in this "passive" valvular 
functionn of the UVJ. An "active" valvular component has often been 
consideredd in the literature, but was never established with certainty. 

Att first, we studied systematically the functional anatomy of the 
porcinee and subsequently the human UVJ using enzyme-histochemical 
techniquess to visualize the acetylcholinesterase (AChE) and butyryl 
cholinesterasee (BChE, non-specific cholinesterase) activity of its different 
muscularr constituents. We further studied serial EndoLuminal 
Ultrasonographicc (ELUS) images obtained from the UVJ of human cadavers 
too evaluate and establish the correlation between histology and ELUS images 
att this level of resolution22. On the basis of our studies we postulated a dual 
rolee for distal ureteric peristalsis. The first function is to assist in depositing 
thee urinary bolus into the bladder lumen. The second and equally important 
rolee is to provide the "active" anti-reflux mechanism. 

Too test the validity of this hypothesis of the dynamic anti-reflux 
mechanismm we studied ureteric excitation, peristaltic contractions and 
pressuree generation in the pig ureter using electromyography (EMG), 
endoluminall  ultrasonography (ELUS) and Segmental ManoProfilometry 
(SMP)) respectively. Since the pig is a suitable animal model for studying 
UVJJ morphology, we anticipate that data obtained from these animal model 
studiess could also be valid in humans2. In the current article ureteric 
contraction,, patterns and the effect of ureteric dilatation on peristalsis in the 
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distall  porcine ureter as studied by ELUS are reported and discussed. The 
regulationn and quantification of ureteric motor activity is a less well-known 
andd relatively unexplored area of upper tract pathophysiology. 

Severall  different receptors have been identified in the upper tract3"5. 
Theyy include a and p adrenergic, cholinergic (muscarine: M3, Ml , M2), and 
recentlyy Neuropeptide Y (NPY), Vasoactive Intestinal Peptide (VIP), Nitric 
Oxidee (NO) as well as Tyrosine Hydroxylase (TH), but the exact mode of 
actionn of these receptors has still to be identified by further pharmacological 
modulationn studies. The technique of smooth muscle EMG, ELUS and SMP 
aree valuable tools enabling us to obtain insights into disorders of motility in 
thee upper tract. Our current study is concerned with the application of ELUS 
inn studying ureteric peristalsis. 

MATERIAL SS AND METHOD S 
TheThe animal model used and the anesthetic procedure. Ten female New 
Yorkshiree pigs were studied in two separate groups. In group I (n=5, 3 
kg)) sequential VHS recordings of ureteric peristalsis activity by endoluminal 
ultrasonographyy were obtained via a lower abdominal laparotomy using an 
8F,, 20 MHz CVIS® catheter. In group II (n=5, 7 kg) ELUS recordings 
weree made using the same catheter, via the minimally invasive endoluminal 
approach.. Only a light general anesthetic was administered and maintained 
withh the corneal reflex intact at all times. This was undertaken so that 
optimall  muscular activity during measurements was present. As pre-
medicationn 20 mg Azaperon and 150 mg Ketamine hydrochloride per 10 kg 
bodyy weight and 1 mg Atropine were administered. General anesthesia was 
inducedd using 5% Halothane and a mixture of 50% N20 and 50% O2. 
Anesthesiaa was maintained using 1% Halothane (1 MAC: Minimal Alveolar 
Concentration)) and the above mentioned mixture of O2 and N20. As 
analgesicc 1 mg Sufentanil citrate IV was administered only in group I and at 
leastt 2 hours before registration of the recordings was undertaken. Peri- and 
postoperativee antibiotic cover was administered using Augmentine (1200 
mg)) and Enrofloxacine (25mg/ 10kg body weight/ day), respectively. An 
NSAIDD (Fynadine) was sufficient as postoperative analgesic until the next 
measurementt session. The experiments took place in 3.5 to 4 hours. 
Hydrationn was maintained in group I by infusing 2 ml/kg/h of 
physiologicc saline solution and 6.1 1 ml/kg/h in group II. This infusion 
ratee was required because the animal was fasting for more than 12 hours and 
theyy were thus ca. 1250 ml negative in its water homeostasis. Furthermore, 
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generall  anesthesia also produces a drop in blood pressure20"21. During the 
experimentss an infusion rate of ca. 1900 ml and ca. 1400 ml of physiologic 
saline,, respectively, was used in group I and II. This infusion regime was 
adoptedd to compensate for the negative water homeostasis and the insensible 
losss during laparotomy and to maintain an optimal circulation. Despite the 
highh infusion rate, urine produced was still macroscopically concentrated. 
Continuouss monitoring of blood pressure, electrocardiographic and 
pulmonographicc parameters was maintained during the whole procedure to 
ensuree optimal metabolic functioning. 

Eachh animal was studied in two separate sessions at a week's interval. 
Inn the first week, the peristaltic activity of the un-instrumented ureter was 
studiedd and in the second week, measurements were undertaken to study the 
effectss of prior ureteric instrumentation on ureteric peristalsis. 

ELUSELUS measurements and data analysis. After 30 minutes of adaptation time 
forr the ureter to the presence of the endoluminal catheter, continuous 
recordingg of ureteric activity was started using a super-VHS video recorder. 
Thee recording was undertaken for approx. 30 minutes in the juxtavesical 
uretericc segment at a length of approx. 5 cm from the ureteric orifice. In 
groupp I the ELUS catheter was positioned manually under direct vision and 
inn group II endoscopically using a rigid 22F cystoscope. External fixation of 
thee catheter was undertaken to minimize movement artifacts. Flushing of the 
spacee between the core and the body of the catheter was undertaken 
incidentallyy using warm (37°C) physiological saline solution to stabilize the 
ELUSS imaging. "Pie-slice shaped" artifacts caused by non-uniform rotation 
off  the catheter core, were minimized by minor displacement of the catheter 
manuallyy until satisfactory imaging was obtained. The duration of peristaltic 
activityy was recorded on tape and the presence and degree of ureteric 
dilatationn were also established. The frequency of peristaltic activity is 
measuredd as n/min. Analysis of the data was undertaken using a spreadsheet 
programm (Exel 7.0) run on a 586, IBM compatible PC. 

RESULTS S 
Halothanee probably decreases peristaltic activity in the pig6. It would 
thereforee be reasonable to assume that under normal physiological 
conditions,, ureteric peristaltic activity would be more frequent and of longer 
durationn than that recorded by us. 
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GroupGroup I (study of ureteric peristalsis in the laparotomized pig). Retrograde 
introductionn of ELUS catheter was undertaken manually under visual 
control.. An open procedure was undertaken to enable us to first study the 
ELUSS images under direct optical control of peristaltic activity. Peristaltic 
wavess could be observed simultaneously by "eyeballing" the passage of a 
wavee through the ureter by one observer and observing it on the ELUS 
imagess as a dynamic change of ureteric diameter by the second. Subsequent 
dischargee of urinary bolus through the ureteric orifice was also visually 
observedd and noted. A total of 54 and 124 individual peristaltic events in the 
normall  non-instrumented and in the post-instrumented ureter were recorded 
andd subsequently analyzed. The duration of peristaltic activity even in the 
normall  non-instrumented ureter varies in range. A frequency distribution 
analysiss of the duration of individual peristaltic activity was performed 
(Figuree 1). 
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Figuree 1: The frequency distribution analysis of peristaltic activity of the ureter in 
thee non-instrumented (solid line, n=54) and instrumented ureter (broken line, 
n=124)) in a laparotomized pig, reveals that the majority of signals take place at ca. 
66 sec. 

Thee average duration of the shortest peristaltic activity is 6.0+2.0 
)) in the non-instrumented ureter and 5.1 4 sec 
)) in the post-instrumented ureter respectively (Figure 2). The 

frequencyy of peristalsis in the normal ureters decreases from 6 min" , 
,, range: 0.5-1.8 min"1) to 1 min"1 , , range: 

0.2-0.33 min"1) in the dilated post-instrumented ureters (Figure 3). 

GroupGroup II (study of ureteric peristalsis in the pig using an endoscopic 
approach).approach). Through the working channel of a rigid 22F cystoscope, the 
ELUSS catheter is introduced and the other channel is used to empty the 
bladderr continuously. A total number of 147 and 106 individual peristaltic 
activitiess were recorded and subsequently analyzed in the non- instrumented 
andd the post-instrumented ureter, respectively. The duration of these 
activitiess differed, as is also the case in laparotomized animals. The 
frequencyy distribution analysis of the duration of individual peristaltic 
activityy in the non-instrumented and post-instrumented ureter is revealed in 
figuree 4. 
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Figuree 2: The duration of shortest ureteric peristaltic activity did not varied 
significantlyy in different studied groups. 

Thee average duration of the shortest peristaltic activity was 5 sec 
)) in the non-instrumented ureter and 5 sec ) 

inn the post-instrumented ureter (Figure 2). The frequency of the peristalsis in 
thee normal non-instrumented and the dilated ureter after instrumentation 
showedd that the peristaltic frequency decreased by a factor 2 from 1 
min"1,, , range: 0.8-1.0 min"1) to 3 min"1 , , 
range:: 0.2-1.0 min"1) (Figure 3). 
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Figuree 3: The failure of ureteric peristalsis in a chronically dilated ureter 
manifestss itself as hypo-peristalsis compared to normal peristalsis in the same 
ureter.. Reduction of peristaltic activity is less obvious in non-laparotomized 
animal,, possibly due to the absence of co-morbidity of laparotomy. 

AcuteAcute dilatation of the ureter and frequency of peristaltic activity. 
Duringg our studies in the laparotomized as well as the non-laparotomized 
pigs,, we observed an acute dilatation (n=8, 0= 2 mm) occurring. 
Acutee dilatation is defined as ureteric dilatation observed in the first 
experimentall  session. Chronic dilatation was observed during the second 
experimentall  session. The degree of dilatation was not accurately 
measurablee by ELUS. If the ELUS probe is not co-axial with the ureter, it 
scanss different ellipse, which is highly inaccurate. That is why we only 
lookedd at the presence or absence of ureteric dilatation. Acute dilatation is 
ann effect of instrumental trauma which is also observed macroscopically 
onlyy in this group. Interestingly is the finding that the frequency of 
peristalticc activity in these dilated ureters was higher than that of normal 
ureters. . 
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Figuree 4: Same distribution as visualized in Figure 1 is seen in a non-
laparotomizedd pig. The two curves i.e. post-instrumented (broken line, n=106) and 
thee non-instrumented (solid line, n=147) measurement seems to be identical. 

Itt was 1.0+0.7 min"1 , range: 0.3-1.7 min"1) and 0.7+0.5 
min"11 (average+SD, range: 0.3-1.2 min"1) respectively. This finding in our 
opinionn demonstrates that acute dilatation of the ureter results in hyper-
peristalsiss in an attempt to discharge the same fluid load as before from the 
uretericc lumen (Figure 5). However, the terminology of hyper- or hypo-
peristalsiss is difficult to define in absolute terms, as no normal values are 
available.. We use the word hyper-peristalsis thus to mean an increase of 
peristalticc frequency in the acutely dilated ureter after instrumentation as 
comparedd to its normal undilated state. It would seem that increase of 
peristalticc frequency is related to acute dilatation of the ureter (Figure 6)19. 

DISCUSSION N 
Thee anatomical substrate of the UVJ as observed by us, suggests the 
followingg model of anti-reflux ureteric peristalsis activity in its distal portion. 
Thee urine bolus is transported by ureteric peristaltic from the renal pelvis and 
arrivess in the ureteric lumen at the UVJ level. Because of its anatomical 
structure,, the ureter can only shorten its length at this terminal trans-vesical 
trajectory.. Thus, while contracting longitudinally the ureter is simultaneously 
ablee to slide freely within its detrusor wall tunnel and actively retracts the 
uretericc wall over the urinary bolus, thereby discharging it into the bladder 

c \ j c o - ^ - m c o r ^ - c o C T > o o 
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lumen.. At the same time when the ureteric orifice is pulled wide open and no 
passivee anti-reflux mechanism can function, the ureteric constriction 
initiatingg the discharge into the bladder lumen still present in the juxtavesical 
region,, preventing thereby retrograde upstream urinary leakage. Further distal 
immigrationn of the ureteric "contraction wave" into the superficial trigone, 
noww re-establishes the passive anti-reflux mechanism through an active 
lengtheningg of the submucosal ureteric length. 

Ureteri cc  peristalti c frequenc y (min"  ) in norma l and the dilate d urete r in virgi n 
urete r r 
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.1 1 
<EE I  1 

rr  i 1 | p p 
Dilate dd urete r Norma l urete r 

Figuree 5: Acute dilatation of the ureter causes increased peristalsis. This effect 
iss temporary and should be considered as a compensatory mechanism of the 
ureterr enabling it to discharge an increased urine volume load. 

ELUSELUS and upper urinary tract urodynamics: historical considerations. 
Daviss (1954) suggested the term "urodynamics" to describe the 
physiologicall  changes occurring in the urinary tract during urine transport7. 
Manometricc studies in the urinary tract were undertaken to establish and 
understandd urodynamic principles7"10. The intraluminal pressure generated 
byy peristalsis is not only dependent on ureteric contraction but also on 
compliancee of the ureter wall. Thus the visualization of peristalsis as a 
parameterr for the study of bolus volume was necessary. Campbell (1966) 
usedd the cinefluorographic technique to investigate ureteric peristalsis in 
normall  individuals". He defended the idea that the length of the "ureteric 
cone""  (i.e. the cinefluorographic imaging of the urinary bolus) is dependent 
on:: 1. the state of hydration and 2. the state of diuresis of the individual. The 
lengthh of ureteric cone in the cinefluorographic studies is comparable to the 
durationn of the urinary bolus in our study. We measured the duration of the 
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boluss as a function of its volume (the bigger, the longer in time). Our 
observationn in a single pig ureter under a steady state of diuresis reveals 
howeverr that the duration of passage of the peristaltic waves as observed by 
endoluminall  ultrasound is not constant. 

Ultrasonographyy has been used extensively as an imaging technique to 
visualizee the urinary tract. A disadvantage of this modality as mentioned by 
Amiss and co-workers (1982) is that ultrasonography reveals only 
morphologyy and no functional studies could initially be undertaken . Keller 
andd co-workers (1993) have however reported a functional study of 
uretericc peristalsis in children with ureterectasis13. They observed ureteric 
peristalsiss in the proximal ureter during a period of one minute each time, 
usingg conventional ultrasonography and concluded that the coexistence of 
peristalsiss in a dilated ureter correlate well with the presence of vesico-
uretericc reflux. The disappearance of peristalsis was observed in patients 
withh the severe obstruction or poor renal function. The method used by 
themm was unable to quantify the peristaltic parameters i.e. frequency and 
durationn of passage of the individual urinary bolus. 

Thee first urological application of endoultrasonography was 
undertakenn by Watanabe and co-workers (1968) to evaluate the prostatic 
tissuee using a rigid trans-rectal transducer. In the late eighties, the first 
miniaturee flexible ELUS probes were designed for vascular use. These 
probess enable one to visualize a 360° cross-sectional real time image of a 
tubularr structure. They have the potential to be useful not only for a study of 
morphologicall  parameters but also for an evaluation of functional 
parameters.. Our earlier experience in the human cadaver and the pig ' * 
weree sufficiently encouraging to use the endoluminal technique to visualize 
peristalticc contractions of the ureter in order to quantify the duration of 
contractionn and its frequency in the presence or absence of ureteric 
dilatation. . 

ELUSELUS and ureteric urine flow: bio-physical considerations. Griffiths and 
Notschealee have reported that ureteric peristalsis transports urine from the 
renall  pelvis in the form of urinary boluses14"17. When diuresis increases, the 
separatee boluses first touch each other to form "kissing boluses" and then 
mergee into adjacent ones to finally form an open tube flow. During these 
changess from an isolated bolus flow to the open tube one, the ureteric 
resistancee decreases. The ureter in this latter state will be vulnerable to 
reflux,, as well as higher intraluminal pressure and dilatation. They defined 
thee "intrinsic peristalsis carrying capacity" of the ureter as the upper safe 
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limi tt of isolated bolus flow rate through the ureter during peristalsis16"17. 
Ourr measurements using the ELUS imaging technique were undertaken 
welll  below this limit. Ureteric peristalsis can therefore be seen as a 
dynamicc wave of transfer of increased ureteric wall tension from the 
craniall  to caudal end of a ureter segment under observation. 

Itt is known from the literature that ureteric flow velocity is 
approximatelyy 2 cm/sec, and the Reynolds number is low (<100). The flow 
iss thus laminar in character10'6. This finding implies that below the 
"intrinsicc peristalsis carrying capacity" of the ureter, the ureteric resistance 
too flow increases with increasing peristaltic frequency resulting to better 
protectionn against urinary back-flow. This may well be the underlying 
reasonn why the frequency of peristalsis rises during acute dilatation (figure 
5).. Acute dilatation leads to a stretching of the ureteric smooth muscle, 
whichh in turn results in hyper-peristalsis 18"19. When a ureter is still able to 
dischargee its "excess" intraluminal fluid volume "normal" peristaltic 
activityy can be restored. However, beyond a certain point of peristaltic 
frequency,, the ureteric pump function fails leading to a chronic state of 
uretericc volume load. This has been observed by us in some ureters (figure 
6). . 

Anotherr reason, which can be ascribed for this failure of the ureteric 
pumpp one week after initial instrumentation, would be edema and bacterial 
growthh (in spite of antibiotic cover) and the resulting negative chrono- and 
inotropicc effects. 



Chapterr 5: ELUS study of peristaltic activity 99 

_~ ~ 
e e 
F F 

o o 
c c 
o o 
3 3 

1 1 o o 

o o 
£ £ 

1.2 2 

1 1 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

Figuree 6: Relationship between ureteric peristaltic frequency and ureteric 
diameterr in the acute dilatation group of ureters based on observations by 
endoluminall  ultrasonography. An increase in ureteric peristaltic frequency 
accompaniess ureteric dilatation up to a point only. Further ureteric dilatation 
affectss the ureteric peristalsis negatively. 

DisadvantagesDisadvantages of ELUS in the study of ureteric motility. The use of ELUS 
givess us stable real time ultrasonographic images and thus an opportunity to 
studyy ureteric motility in a reliable manner. The degree of dilatation can be 
measuredd and the presence of edema can be evaluated. But it has, of course, 
itss own limitations and disadvantages. The introduction of the catheter is still 
ann invasive procedure in spite of it being minimal. Analysis of the motility 
dataa is time-consuming and an inter-investigator variability might exist. 
Somee of these limitations (inter-investigator variability and time factor) can 
bee solved by standardization of catheters and the software from a urological 
standpoint.. This would require time and co-operation from industry and the 
bio-engineers. . 

CONCLUSION N 
Ourr results support the idea that the ureteric peristalsis acts as a pump to 
dischargee urinary boluses (intraluminal fluid load) distally into the bladder. 
Thee halothane anesthesia used by us has a negative ino- and chronotrope 
effectt and this must be taken into account when interpreting the present 
results.. ELUS offers an opportunity to quantify and study ureteric peristalsis. 
Futuree pharmacological modulation in chronically instrumented animals 
withh temporarily implanted measurement registration devices is necessary to 
furtherr evaluate the findings of our acute study. 
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ABSTRACT T 

Objectives::  to establish the characteristics of mechanical activity during 
uretericc peristalsis and unidirectional bolus transport, pressure changes in the 
middlee and distal (juxtavesical and ureterovesical junction) porcine ureter 
weree quantified in vivo. 

Methods::  Five female New Yorkshire pigs (50-60 kg) were studied under 
halothanee anesthesia. The endoscopic approach was used to position an 8-
channell  6F perfusion catheter under direct vision into the distal ureter via the 
orifice.. Ureteric activity was studied in two separate sessions at a week s 
interval.. Pressure, propagation velocity and length of the peristaltic waves 
weree analyzed. 

Results::  The average maximum pressure (Pmax) in a not previously 
instrumentedd ureter amounted to 35.7  1.2 cm H20 in the mid-ureter, and 
decreasedd to 19.4  1.3 cm H20 in the juxtavesical ureter (PO.001) and 
furtherr to 7.2  1.0 cm H20 (P<0.001) in the submucosal segment. The 
propagationn velocity of the peristaltic wave through the ureter was 2.1  1.3 
cm/sec.. The length of the pressure peak was 5,9 + 1.6 cm. 

Conclusions::  A ureteric peristaltic contraction wave travels at approx. 2 
cm/secc and is approx. 6 cm long. It is responsible for the unidirectional 
transportt of a urinary bolus and itself acts as an "active" anti-reflux 
mechanism.. Pmax in the lumen of the ureter decreases from proximal to distal, 
butt remains sufficiently high at the ureterovesical junction (UVJ) to prevent 
retrogradee urine leakage when the ureter empties its urinary bolus into the 
bladderr and the orifice is open. 
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INTRODUCTIO N N 
Underr normal conditions, urine transport in the ureter is unidirectional and 
ass separate urinary boluses. Increase in diuresis leads to increasing bolus 
sizess until one bolus touches the next and finally it forms an open tube 
transportt system'. 

Basedd on the evidence of our early studies we postulated that 
contractionn of the circular muscle of the juxtavesical ureter functions as the 
"active""  anti-reflux mechanism2"5. Active shortening of the longitudinal 
musclee layer of the transmural and submucosal ureter segments deposits the 
boluss into the bladder lumen2. To further test the validity of our hypothesis, 
wee studied ureteric peristalsis in the pig model. Electromyographic studies 
weree undertaken to study the excitation of ureteric peristalsis . Excitation of 
uretericc muscle leads first to wall movement, which we studied using 
endoluminalendoluminal ultrasonography (ELUS)4. It also leads to intra-ureteric pressure 
rise.. We measured intraureteric pressures during the passage of peristaltic 
wavess in the mid (10 to 16 cmm from the ureteric orifice) and the juxtavesical 
ureterr and the UVJ (0 to 6 cm from the ureteric orifice). We undertook this 
too establish the characteristics of the intraureteric pressure wave, which is the 
resultantt mechanical force for unidirectional bolus transport. 

Ourr data illustrates the crucial role played by ureteric peristalsis as an 
activee pump to transport urine and simultaneously prevent retrograde 
leakagee into the upper urinary tract (UUT) from the bladder. This can have 
clinicall  implications for management of vesico-ureteric reflux (VUR), 
obstructivee uropathy and mega ureters. Our results have encouraged us to 
undertakee further studies on pharmacological modulation of ureteric 
peristalsis. . 

MATERIA LL  AND METHOD S 
ExperimentalExperimental animals and anaesthetic procedure. Female pigs were 
studiedd (n=5, 7 kg). The 6F catheter was positioned under endoscopic 
controll  so that its tip came to lie at a distance of 7 cm (including 1 cm of 
tipp extension) from the ureteric orifice. Pressure changes in the mid ureter 
(166 to 10 cm from the ureteric orifice) were also recorded. Urine produced 
wass collected and its quantity measured. Intravenous urograms (IVU) were 
performedd only as a control to confirm the absence of any ureteric 
dilatationn occurring and to prove the existence of bolus transport in the 
ureter. . 

Ass pre-medication 20 mg azaperon, 150 mg ketamine/10 kg body 
weightt and 1 mg atropine were administered intravenously. Anesthesia (1% 
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halothane,, 47.5% N20 and 47.5% 02.) was tailored to maintain optimal 
muscularr activity. For peri-operative antibiotic cover Augmentine (1200 mg) 
wass used. Fynadine®, a NSAID was administered as postoperative 
analgesic.. Duration of the experiments varied from 3 to 4 hours, as EMG 
andd ELUS recordings were also undertaken. Hydration was maintained by 
infusingg of 1 ml/kg/h physiologic saline. This rate of infusion was 
requiredd as the animals were fasting for 12 hours and thus were 
approximatelyy 1250 ml negative in their water homeostasis. During the 
recordings,, approximately 1,400 ml physiologic saline was infused to 
compensatee for negative water homeostasis and insensible fluid loss. Every 
animall  was studied in two sessions at an interval of one week to study the 
effectt of instrumentation on the ureter and bladder. Signals were registered 
inn every pig at every experimental session. During endoscopic inspection of 
thee bladder at the second session, only a minimal edema was observed in the 
bladder.. It did not present a technical problem for recording the pressure 
curvess at the UVJ. 

Eight-channelEight-channel perfusion equipment. Figure 1 schematically represents the 
flexiblee silicone catheter and its helically positioned side openings at 
intervalss of 0.75 cm, together with the 8-channel perfusion equipment. The 
catheterr was stationary during all measurements. Orientation of the adjacent 
sidee holes in the catheter was at 45 degrees to each other. Each channel of 
thee catheter was flushed with physiological saline at body temperature and at 
aa constant perfusion velocity of 0.075 ml/min using a hydro-pneumatic 
pump.. Pressure-transducers, registered the pressure at which perfusion was 
beingg performed. The system was initially flushed to evacuate air-bubbles, 
calibratedd and zero balanced at the level of the pig urinary bladder. The base 
linee was undertaken after positioning the catheter inside the ureter and with 
thee perfusion running between two peristaltic waves. Pressure rise per 
secondd was 242.8+1.8 cm H2O /sec after complete blockage of the side 
holes.. Data was sampled at 100 Hz, digitized and processed in a computer 
usingg a program written by our group6. Every positive deviation from the 
basee line in the most proximal channel (channel 1), which was subsequently 
propagatedd to the adjacent distal channels (channels 2-8), was defined as a 
peristalticc wave. Every simultaneous deviation from the base line in more 
thann one channel was considered an artifact and excluded from the study. 
Thee software was programmed to recognize each peristaltic curve in each 
channell  when the pressure exceeded 5% of the maximum pressure (Pmax). 
Thee end was similarly when pressure declined to under 5% of Pmax. The 
durationn of the pressure curve was measured in seconds. 
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Figuree 1: The equipment used. The distance between side-hole 1 and 8 is 6 cm. 
Bodyy temperature physiological saline was perfused at 0.6 ml/min (0.075 ml/min 
perr channel). Pressure rise rate when the side hole is completely blocked was 

88 cm H20 /sec. The sample rate was 100 Hz. 

Thee propagation velocity of the peristaltic wave was calculated from 
thee distance between the two adjacent openings (0.75 cm) and divided by the 
delayy in arrival time of Pmax. Compiled data was imported into a spreadsheet 
programm and used to calculate the average Pmax in each channel (cm water), 
thee average length (cm) of the pressure wave-peak as well as the average 
propagationn velocity (cm/sec). All values were expressed as both the mean 
andd standard deviation (Fig. 2, Tab. 1). Probability of significance was 
calculatedd using an unpaired, two-tailed student's t-test. 
RESULTS S 
Thee pressure generated in the various channels during a peristaltic wave 
revealss a minimal difference between week one and two, except for channels 
77 and 8 which record the submucosal segment of the ureter, suggesting that 
mucosall  edema affects pressure measurements (Fig. 2C). No inter-peristaltic 
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leakagee of urine or ureteric dilatation was observed by IVU. Also, at 
endoscopyy efflux of urine into the bladder could only be observed when 
activee contraction of the intramural ureter and urine bolus deposition were 
occurring.. Urine production was 35  4 ml/h in group II. 

PressurePressure studies in the mid-ureter ( week 1). During the second session, in 
orderr to prevent any undue or unnecessary injury to the mildly edematous 
andd very fragile submucosal ureter, all instrumentation had to be limited 
onlyy to a study of the UVJ. The mid-ureter could thus only be studied by us 
inn the first session. 
Thee Pmax was 35.7  1.2 cm H20 (n=240) in the not previously instrumented 
mid-ureter.. The Pmax values in the various individual channels are presented 
inn fig. 2A. The propagation velocity of the peristaltic wave in the mid ureter 
wass 2.1  1.0 cm/sec (n=240). The length of the pressure peak averaged 5.9 
++ 1.3cm(n=240). 

PressurePressure studies in the juxtavesical ureter (week 1 and 2). Maximum 
pressuree (Pmax) in the juxtavesical ureter was 19.4  1.3 cm H20 during the 
firstt (n=258) and the second session (n=63). The propagation velocity of the 
peristalticc wave through the juxtavesical ureter was 2.1  1.9 cm/sec (n=172) 
inn the first session and 2.5 + 1.8 cm/sec (n=42) during the second session. 
Thee length of the pressure peak was 4.2  1.8 cm in the first week (n=688) 
andd 6.8 + 2.1 in the second week (n=168). 
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Figuree 2: Pmax recorded at different locations in the mid-ureter (panel A), and the juxtavesical 
ureterr and the UVJ (panel B). The numbers on the X-axis represent the consecutive channel 
openings,, with channel l being the most proximal. Each channel in panel A is located 10 
cmm more proximally in the ureter than the same channel in panel B. Error bars represent 
standardd error of the mean (SEM) to visualize the significance. Pmax decreases from proximal 
too distal (P< 0.05) at the UVJ level. The pressure gradient in the submucosal ureter reveals an 
increasee after manipulation (P < 0.05). Panel C represents the propagation velocity (cm/sec) 
andd length of pressure peak (cm) of a peristaltic wave in the ureter and the UVJ (P > 0.05 in 
both).. Light grey (panel A): mid-ureter, white (panel B): Juxtavesical and UVJ in week l, 
Blackk (panel B): Juxtavesical and UVJ in week 2. 



Chapterr 6: Intraluminal pressure changes and ureteric peristalsis 111 

PressurePressure studies in the UVJ (week 1 and 2). Pmax in the submucosal ureteric 
segmentt was 0 cm H20 during the first (n=172) and 13.3+1.2 cm H20 
(n=42,, PO.001) during the second session (fig 2B). This significant rise in 
Pmaxx in the submucosal segment a week after the previous manipulation is 
accompaniedd by a decline in peristaltic frequency (fig 2B and Tab 1). This 
findingg is probably attributable to the resultant mild edema. The significantly 
higherr PmaX recorded in the transmural traject may be due to the backing 
providedd by the detrusor to the longitudinally contracting ureteric muscle at 
thiss level2. The propagation velocity of the peristaltic wave through the UVJ 
wass 2.3  1.9 cm/sec (n=172) in the first session and 2.6  1.9 cm/sec (n=42, 
P=0.58)) in the second session. In the first week (n=688) the length of the 
pressuree peak was 5.2  2.8 cm and was 7.0  2.4 cm in the second week 
(n=168,P=0.06,Fig.2C). . 

DISCUSSION N 
Uretericc peristalsis is primarily myogenic in origin7"8. The exact role of 
neuro-humorall  mechanisms in ureteric peristalsis is controversial. A plethora 
off  nerve types, including adrenergic, cholinergic, nitrergic, vasoactive 
intestinall  peptide, neuropeptide Y, calcitonin-gene related peptide nerves, 
havee been identified in the ureter and the surrounding ganglion cells, but 
theirr exact function still needs to be defined9"10. They are believed to have a 
modulatoryy influence on ureteric peristalsis. The influence of these neuro-
humorall  agents has for the purposes of this study been excluded. 

Thee upper urinary tract in the pig is similar to that of the human. 
Duringg peristalsis, Pmax is 20-30 cm H20 in vivo in humans11 and in the pig. 
Thee hydration state of the pigs was maintained as normal as possible to 
mimicc normal ureteric physiology. The flow measured in the ureter (0.30 
ml/min)) guarantees normal ureteric peristaltic activity1,12. Under these 
circumstances,, an approx. 5 cm zone of elevated pressure was recorded 
passingg from the proximal to the distal ureter during peristalsis. This zone of 
elevatedd pressure must be responsible for unidirectional transport of urinary 
boluss through the ureter in a normodiuretic state. Pmax decreases gradually 
fromm the mid-ureter to the UVJ but remains sufficiently high (ca 20 H20) at 
thee UVJ for approx. 5 sec during bolus deposition in bladder. This would 
preventt reflux occurring during the fillin g phase of the bladder. Previous 
endoscopicc manipulation also results in local edema and Pmax rise in the 
submucosall  ureter segment. 

Thee underlying principle of our measurements is that the pressure in a 
constantt perfusion flow system is a measure of obstruction to outflow from 
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thee surrounding tissue. During the passage of a peristaltic wave over a side-
hole,, the pressure required to perfuse the corresponding channel will thus 
increase.. Perfusion manometry is a reliable method to measure pressure 
changes,, but a valid criticism of our findings could be that it does cause 
volumee load (0.6 ml/min.), which may trigger peristalsis and/or secondary 
uretericc dilatation7'13. We therefore undertook at regular intervals ultrasound 
controll  of the upper tract, and detected no evidence of dilatation. Another 
criticismm could be that the catheter diameter (cross sectional area (CSA): 3 
mmm ) and its stiffness may act as negative influences. As no reference in the 
literaturee exists, we earlier calibrated the internal circumference of ureters of 
pigss >50 kg and found it to be ca 20F (CSA: 32 mm2). The relative 
obstructionn caused by our catheter would not be therefore more than 10%. A 
stationaryy catheter would also compensate for the negative effects of 
stiffness. . 

Wee compared the results of perfusion manometry, electromyography, 
andd ultrasonography during ureteric peristalsis and these results are 
presentedd in Table 1. 

Experimental l 
session n 

Mid-- ureter week 1 
UVJ,, week 1 
UVJ,, week 2 

Velocity y 
cm/sec c 

... . 
2.0+1.6 6 

9 9 

EMG G 

Duration n 
Sec c 

... . 
4.8+1.8* * 
4.0+1.7* * 

Lengthh of 
pressure e 

peak k 
cm m 

... . 
9.6+1.22 ;• 
10.0+1.33 + 

Velocity y 
cm/sec c 

0 0 
9 9 
9 9 

PRESSl l 

Duratio n n 
Sec c 

2.8+0.7 7 
» » 

2.7+1.1** * 

JRE E 

Lengthh of 
pressuree peak 

cm m 

3 3 
--
: : 

ELUS ELUS 

DurationDuration Frequency 
secsec n/min, 

(Including (Including 
relaxation relaxation 

component} component} 

--
6.8+1.5* 6.8+1.5* 
6.4+1.5* 6.4+1.5* 

--
0.9+0.1 0.9+0.1 
0.5+0.3 0.5+0.3 

Tablee 1: Comparison of ureteric peristalsis as measured by perfusion manometry, 
electromyography,, and ultrasonography. Asterisks represent a significance of < 
0.055 between the excitation, contraction and the pressure data. EMG: 
electromyography;; ELUS: endoluminal ultrasonography. Data from refs. 3, 4 and 
presentt study as mean  SD. 

Thee propagation velocity of a peristaltic wave measured by 
manometryy and EMG are similar (2-2.5 cm/sec). Duration of a ureteric 
peristalticc contraction at any particular location in the mid and distal ureter is 
approximatelyy 6.5 sec as measured by ELUS, 4.5 sec as measured by EMG 
andd only 2.8 sec as measured by perfusion manometry4"5. These differences 
aree significant (p<0.05), but can be explained as the inherent difference in 
thee physical properties being measured by these different modalities. ELUS 
timee is longest as it also includes the relaxation period of the ureteric muscle. 
Thee EMG data in contrast express only the period of ureteric excitation and 
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cann be identified thus as a sharp and easily detectable deviation from the 
baseline.. We included in our measurements pressure curves only after they 
hadd risen to and before they had declined to 5% of Pmax. A further reason for 
thee relatively short pressure signal seen is that the sensitivity of our 
measurementt is further compromised by the intrinsic resting ureteric 
pressure9.. Our findings also interestingly reveal that a peristaltic wave in the 
(juxtavesical)) ureter has a duration of approx. 3 sec, during which an approx. 
100 cm ureteric segment is electrically active, but only an approx. 5 cm long 
segmentt thereof, is sufficiently contracted to enable a pressure rise of 
approx.. 20 cm H20 to be recorded. In our study, peristaltic frequency was 
approx.. 1 wave/min. This low frequency rate, together with the low diuresis 
(<11 ml/min/kidney), indicates that the intraluminal flow in the ureter under 

11 1 "2 

normodiureticc condition is mainly controlled by ureteric peristalsis ' . 
Thee maximal number of stable contraction rings in the ureter due to 

peristalsiss is calculated by dividing the length of the ureter (30 cm) by the 
averagee length of the pressure peak (5cm). Thus, maximally 6 contraction 
ringss can be present at any given time. A direct relationship between 
resistancee to flow and peristaltic frequency has been observed in the 
porcineporcine ureter. An increased number of contracted rings due to peristalsis 
preventt reflux by increasing resistance of intraluminal flow13. A passive 
anti-refluxx mechanism which is established using hydrostatic compression 
off  the diagonal submucosal traject of the ureter cannot theoretically protect 
thee UUT when the ureteric orifice is open to deposit the bolus into the 
bladderr cavity. A contracted ureteric ring just proximal from the orifice at 
thee juxtavesical level is the only relevant anti-reflux mechanism at such a 
cruciall  moment of urine transport . 

CONCLUSIONS S 
Thee continued presence of a sufficient pressure gradient from the middle 
ureterr and juxtavesical segments to the ureteric orifice is actively preserved 
byy the contractile function of the ureteric muscle wall. Together they are 
responsiblee for unidirectional urinary bolus transport and form also the 
"active""  component of an anti-reflux mechanism. 

AA ureteric peristaltic wave travels at approx. 2 cm/sec and is approx. 6 
cmm long. Pmax in the lumen of the ureter decreases from proximal to distal 
endss (mid-ureter: 36 cm H2O, Juxtavesical and transmural: 19 cm H20 and 
submucosal:: 6 cm H20), but always remains sufficiently high at the 
ureterovesicall  junction (UVJ) to prevent retrograde urine leakage from the 
bladder. . 
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ABSTRACT T 

Introduction ::  Ureteric peristalsis transports a urinary bolus from the renal 
pelviss to the bladder. We developed an intraluminal catheter with a pressure 
transducerr on it to study intraluminal pressure changes and a twin bipolar 
electrodee records the ureteric EMG and impedance (Z) changes during a 
peristalticc wave. 

Materia ll  and methods: Five female New Yorkshire pigs (50-60 kg) were 
studiedd under light halothane anesthesia (5% at induction/ 1% for 
maintenance).. A steady state of hydration was maintained using intravenous 
salinee infusion. EMG spike burst activity was studied at a 10 cm interval 
usingg low (0-30) Hz filters. Impedance between the same electrodes is 
measuredd simultaneously in higher frequencies (1-5 KHz) as a function of 
uretericc motor activity. Pressure generation in the ureteric lumen was also 
measuredd simultaneously by a transducer on the same catheter. A digital 
signal-processingg program (Poly® 4.9) was used for analysis. Parental 
Furosemidee was used to induce diuresis. 

Results::  Resting ureteric impedance (ZR) decreases to ZB (Z bolus) during 
thee passage of the urinary bolus. Passage of a contractile zone during a 
peristalticc wave increases impedance from ZB to its ZR level and initiates a 
pressuree rise. Bolus length (the length ZB) is not constant and decreases 
distally.. EMG corresponds in time to impedance well. ZR disappears after 
infusionn of Furosemide because of increased urine load and changes of 
intraluminall  ionic environment. Contractile segment of a ureteric peristaltic 
wavee appears to be represented by an elevated Z segment (Zc). Pressure rise 
iss recorded only at the beginning of a contractile zone. 

Conclusions::  A specially adapted intraluminal catheter can be used to study 
peristalsiss in the upper urinary tract. One can study all the three components 
off  ureteric peristalsis (excitation, contraction and intraluminal pressure rise) 
usingg such a catheter. 
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INTRODUCTIO N N 
Urinee is transported through the ureter into the bladder by periodic peristaltic 
activity.. Griffiths and Notscheale1 have described that ureteric peristalsis 
transportss urine from the renal pelvis in the form of isolated urinary 
boluses.. When diuresis increases, these separate boluses first touch each 
otherr to form "kissing boluses" and then merge into adjacent ones to finally 
formm an "open tube flow". Urinary transport is essentially unidirectional. 
Fromm our morphological and dynamic studies in the distal ureter at the 
ureterovesicall  junction, we have evolved a dynamic hypothesis of peristalsis 
ass an active anti-reflux mechanism at the juxtavesical level. The current 
studyy was part of this larger project2. 

Inn the current article, we discuss our method of studying ureteric 
contractionn by using the variation of impedance, the ureteric EMG activity 
andd endoluminal pressure rise simultaneously by using a single endoluminal 
catheter.. The importance of this technique is that it can be used in an 
experimentall  setting to study pharmaco-neuromodulation of ureteric 
peristalticc activity in a chronically instrumented animal. The modulation of 
uretericc motility by pharmacological agents has an obvious potential 
therapeuticc use for the treatment of motility disorders of the upper tract. 

MATERIA LL  AND METHOD S 
ExperimentalExperimental animals and the anesthetic procedure. Five New York-shire 
femalee pigs (n=5, 51  kg) were studied. Anesthesia was controlled to 
maintainn optimal muscular activity during the experiment. Twenty mg 
Azaperonn and 150 mg Ketamine per 10 kg body weight and 1 mg Atropine 
weree administered as pre-medication prior to general anesthesia. General 
anesthesiaa was induced by using 5% Halothane and maintained by 1% 
Halothanee and a mixture of each 50% N20 and 02. Antibiotic cover (1200 
mgg Augmentine) was employed during the study. Hydration was maintained 
byy infusing 8 L/hour of physiologic saline solution. This infusion 
raterate was chosen because the animal was fasting for more than 12 hours 
preoperativelyy and general anesthesia produces a blood pressure drop. To 
deall  with these problems in order to keep an optimal circulation that infusion 
ratee was needed. Urine produced was macroscopically not diluted. 
Continuouss monitoring of blood pressure, electrocardiographic and 
pulmonographicc parameters was maintained during the whole procedure to 
ensuree optimal metabolic functioning. Furosemide and more fluid were used 
too study the effect of increased diuresis on ureteric motor activity. 
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Analgesicss and postoperative antibiotic cover were employed for the 
comfortt of the animals. 

Electromyographic/impedance/pressureElectromyographic/impedance/pressure measuring catheter (Fig. 1). EMG 
complexess and impedance variation were obtained endoluminally using two 
bipolarr ring electrodes fixed to a especially designed 6F ureteric catheter at a 
distancee of 10 cm from each other. A piezo-electric crystal was attached 
adjacentt to the ring electrodes to measure pressure rises in the ureteric 
lumen. . 

Figuree 1: schematic representation of our measurement catheter. Pressure 
sensitivee pizo-electric crystal registers pressure alterations. Two ring electrodes 
adjacentt to these crystals registers the EMG at lower frequencies and Z at higher 
frequencies. . 

Thiss catheter could be introduced through a working channel of a 22F rigid 
cystoscope.. We recorded the ureteric electrical activity at 3 and 13 cm from 
thee ureteric orifice. The indifferent electrode was connected to the 
cystoscope.. The other working channel of the cystoscope was used to ensure 
thatt the bladder remained empty during the recordings. EMG was recorded 
usingg 0-30 Hz pre-amplifying filters. A sampling frequency of 100 Hz was 
establishedd according to the Nyquisit principle. The resting impedance (ZR) 
wass approximately 4 KQ using a 500 Hz AC generator. The impedance 
signall  was filtered at 1-5 KHz. The Pathfinder II Nicollet® was used as an 
amplifier.. An analog/ digital interface (DAS-8-PGA, Keithley Instruments, 
Cleveland,, OH, USA) with 12-bit resolution was used to digitize the signal. 
Digitall  signal processing was undertaken using Poly 4.9, a digital signal-
processingg program running on a 586-100 MHz IBM compatible computer. 
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RESULTS S 
UretericUreteric peristalsis during normal diuresis. Resting impedance of the ureter 
(ZR)) decreases during the passage of urinary bolus to Z bolus (ZB, Fig. 2). 
Thiss phenomenon can be explained by the fact that resistance (Z) decreases 
inn an ionic environment, which is constituted by a urinary bolus. Passage of 
thee contractile zone of peristalsis increases Z to Z contraction (Zc), which 
almostt equals ZR level and initiates the pressure wave (Fig. 2). 

Pressuree wave • ' ^ - 4 

Figuree 2: EMG/ impedance/ pressure change during the passage of a separate 
urinaryy bolus during a normo-diuretic state. Note that the ZB is shorter in the 
distall part of the ureter. 

Duringg the passage of the contractile zone, the ionic fluid bolus of urine is 
squeezedd away from the two electrodes and therefore the resistance (Z) is 
increased.. Bolus length (e.g. the length of ZB) is not constant at a particular 
uretericc level and also decreases distally in the ureter (Fig. 2). EMG 
correspondss in time to the beginning of ZB. EMG signal diminishes 
temporarilyy during a passage of urinary (Fig. 2). 
UretericUreteric peristalsis during increased diuresis. ZR decreases and even 
disappearss during Furosemide induced state of diuresis probably due to 
graterr disturbances of the ionic environment (Fig. 3). Contractile segment of 
thee ureteric peristaltic wave is represented by a broader Zc segment (Fig. 3). 
Thee fact that the constricted segment of the ureter is longer distally in the 
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ureterr supports the idea that the peristalsis in the distal ureter can act as an 
activee anti-reflux mechanism as postulated by us .̂ Intraluminal pressure rise 
iss seen only at the beginning of a contractile zone (Fig. 2 and 3). 

Pressuree wave 

Figuree 3: EMG/ impedance/ pressure change during the passage of a contraction 
wavee over a ureter in its open tube state. Pig was prescribed 60 mg furosemide 
andd 500 ml physiological saline solution. 

DISCUSSION N 
Uretericc peristalsis is a sequence of excitation of the muscular components 
(EMGG activity), their contraction (constriction where circular muscle 
bundless are present) and the segmental rise of ureteric wall tension in order 
too generate a peristaltic movement4 (Fig. 4). The length (velocity of signal 
conductionn differentiated in time) and the duration of the EMG active zone 
inn the distal ureter indicate respectively the length of a "constricted" ureteric 
portionn and the duration of its contraction. They are valid parameters of 
uretericc peristalsis and help to occlude the ureter temporarily, thus 
guaranteeingg a unidirectional fluid transport and preventing retrograde 
leakagee of intraluminal fluid in the upper urinary tract. 
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Thee ureteric EMG and manometry have been studied separately and 
publishedd by several authors3"10. Ureteric contraction has been studied using 
differentt methods varying from video-microscopic imaging technique", 
colorr doppler12, the ultrasound13, cineradiography14 and 99Tcm-MAG 3 
radioo nuclide condensed imaging15. The major problem in these reported 
studiess is the fact that different techniques and instruments were employed to 
studyy the different components of peristalsis. Also multiple instrumentations 
andd experimental sessions were necessary. The procedure are thus not only 
laborr intensive, but also may affect negatively the normal upper tract 
physiologyy since multiple instrumentation is often described. We could not 
findd any report in the literature from Med. line search (1963-1997) in which 
ann author had studied the 3 components of the ureteric peristalsis 
simultaneously. . 

Figuree 4: The sequence of Excitation, Contraction and the pressure rise within the 
ureter.. Asterisk (*) represents the pacemaker cell in the muscular wall of the renal 
pelviss and calyces. 

UpperUpper urinary tract urodynamics, data acquisition and technical 
consideration.consideration. Data acquisition is a major problem in the case of the upper 
urinaryy tract urodynamics. Urodynamics of the upper urinary tract has been 
lesss intensively studied. Reliable data from a minimally invasive technique 
too study the upper urinary tract at standard locations has not been possible 
untill  now. The absence of standard values for the for-said physiological 
parameterss at the upper urinary tract also adds to difficulty in 
communicationn between different groups of investigators. 

Simultaneouslyy recording of EMG, ureteric wall movement and, or 
intrauretericc pressure rise deliver usefully information concerning the 
couplingg of the excitation and the contraction cycle. It is however not easy to 



Chapterr 7: Single catheter study of ureteric peristalsis 1 2̂ 

acquiree reliable data on ureteric movement. Imaging techniques using X-ray 
contrastt agents and old-fashioned roentgen-cinematography provided only 
momentaryy visualization and not a real time imaging. Implantation of 
movementt detectors on the ureter requires surgical intervention, which 
affectss the ureteric physiology. The use of color Doppler ultrasound as 
describedd by Summers et al17 and later by Patel U.12 may be a new useful 
non-invasivee technique. However all these techniques require multiple 
handlingg of tissue and are difficult to combine with simultaneous EMG and 
manometricc study of upper tract dynamics. 

Ourr preliminary results obtained by using a single catheter are 
promising.. We were able to study all the three aspects (excitation, 
contraction,, pressure rise) of the ureteric peristalsis, using minimal invasive 
technique.. The catheter is so designed that it can be used ante-gradely 
throughh a percutaneusly nephrostomy in chronic instrumented animal studies 
inn vivo. The influence of different pharmacological agents on ureteric 
physiologyy in a chronic instrumented animal is being currently investigated 
byy our group. 

UpperUpper urinary tract urodynamics, characteristics of peristalsis. Griffiths 
andd Notscheale1 have described how ureteric peristalsis transports urine 
fromm the renal pelvis in the form of isolated urinary boluses. When diuresis 
increases,, the separate boluses touch each other to form "kissing boluses" 
andd then merge into adjacent ones to finally form an open tube flow. 

Fig.. 2 shows the characteristics of an isolated bolus. The drop of the 
ZRR to the ZB level and the EMG signal indicate the arrival of a urinary 
bolus.. The length of the narrow Z-segments (ZB) depends on a, the volume 
off  the urinary bolus (e.g. bigger the bolus, longer the narrow segment ZB) 
andd b, the compliance of the ureter segment (more compliant the ureter, 
shorterr the narrow segment and higher the diameter of the bolus). Bolus 
lengthh (e.g. the length of ZB) is not constant at a particular ureteric level 
(boluss volume changes) and also it decrease distally (compliance decrease 
distally).. This finding is also supported by the cinematographic study of 
Durbenn G. et al14 and the histological study of Knudsen L. et al18. 

Fig.. 3 demonstrates the situation when diuresis is increased as results 
off  using a diuretic agent and the boluses are merging to each other. Our 
experimentall  technique confirms the urodynamics occurring as postulated 
inn Griffithss model1. The ZRnarrowed and finally disappeared because of 
ann overload of the ionic intraluminal environment and thus a lower 
electricall  resistance. The contracting segments of peristalsis squeezes the 
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ionicc fluid away only for a short time and thus is able to increase the Z to 
Zcc temporarily. In the diuretic phase condition, the amount of the Zc is 
clearlyy seen. The longer lasting and trapezium shaped constricting effect of 
contractionn in distal ureter at the level of UVJ in comparison to mid ureter 
(rectangularr shape) supports our hypothesis concerning an active valvular 
functionn for the UVJ2. The findings of Knudsen L. et al18 that the distal 
ureterr is also less compliant to form changes and passively resists relaxation 
wouldd also concurs with our hypothesis. 
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ABSTRACT T 

OBJECTIVES::  To evaluate in vivo the role of muscarinic receptors on 
uretericc peristaltic frequency and force of contraction in a large animal model 
byy pharmacological manipulation. 

METHODS::  Twelve female pigs 4 kg) were chronically instrumented 
usingg an electronic pressure-monitoring catheter in the right ureter. 
Furthermore,, nephrostomy, arterial, venous and cystostomy catheters were 
placed.. Ureteric peristalsis was repeatedly recorded prior and subsequent to 
thee administration of atropine and carbachol. 

RESULTS::  Systemic and local effects of both agents were observed. We 
recordedd an increase of ureteric peristaltic frequency 3 min" , control: 

66 min"1, PO.05) and force of contraction 4 cm H20, control 
77 cm H20, P<0.05) during renal pelvis perfusion with 0.25 ml/min 

saline.. Administration of atropine or carbachol modulated neither the force of 
contractionn nor the frequency of ureteric peristalsis in vivo (P>0.05). 

CONCLUSION::  Smooth muscle motor activity at the mid and distal ureter is 
nott modulated by muscarinic receptors. Peristaltic frequency is directly 
relatedd to the pyelocalyceal load during a rate of diuresis not exceeding the 
"animal'ss own normal diuresis" plus 0.25 ml/min. Ureteric force of 
contractionn increases only in the mid-ureter with increased diuresis. 



130 0 Chapterr 8: effect of Cholinergic stimulation and inhibition 

INTRODUCTIO N N 
Duringg normal rate of diuresis, the ureter transports urine from the kidney to 
thee bladder by peristalsis. Myogenic and neurogenic theories were 
propoundedd to explain ureteric peristalsis. However, denervation of the ureter, 
kidneyy transplantation and even reversed ureteric auto-transplantation do not 
abolishh peristalsis " . Therefore, only the myogenic theory of ureteric 
peristalsiss can explain why peristalsis is possible in an isolated ureteric 
segmentt in vitro and vivo3'4. The development of renal colics in patients with 
urolithiasiss proves the existence of sensory innervation of the ureter, but 
muchh less is known about neurogenic modulation of ureteric peristalsis. 
Nevertheless,, it is well established that the mammalian ureter is extensively 
innervatedd by unmyelinated axons from different levels of the spinal cord5"8. 
Usingg immuno-histochemistry and radio-immunoassay, considerable 
informationn has become available about the expression of receptors for 
neurotransmitterss that presumably control neuromuscular physiology of the 
ureter5'7. . 

Wee have reported earlier on the morphology and functional properties 
off  the human and porcine ureter9"12. A chronically instrumented animal model 
too investigate the physiologic relevance of the histologically demonstrated 
receptorss for neuromuscular transmission is missing in the literature. In this 
article,, we evaluate the effect of inhibition and stimulation of muscarinic 
receptorss on ureteric peristalsis in a chronically instrumented conscious pig 
model. . 

Thee density of cholinergic nerve fibers in the ureter increases going 
fromm the renal pelvis to the bladder, the ureterovesical junction being the most 
denselyy innervated region13"14. Acetylcholine increases the tonic and phasic 
contractilee activity of different segments of the ureter in vitro14'17 and also 
increasess the peristaltic frequency18. After nerve stimulation, acetylcholine is 
releasedd from isolated renal pelvis and ureter19. Our hypothesis therefore was 
thatt stimulation and inhibition of the muscarinic receptors in vivo would 
increasee and decrease, respectively, the frequency and contraction force of 
uretericc peristalsis. 
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MATERIAL SS AND METHOD S 
ExperimentalExperimental animals and the pre-operative procedures 
TwelveTwelve female land pigs (72  4 kg) were studied. Pigs were individually 
acclimatizedd and socialized during 2 weeks in the laboratory environment in a 
penn (2x3 meter) next to the measuring station. All experiments were 
monitoredd and registered via this station. This hall contained twenty pens and 
hadd a circadian day and night rhythm. Pigs were fed a mineral-poor 
laboratoryy pig diet. They drank and could move freely in the pen during 
experiments.. As pre-medication ketamine (1 mg/kg) and Stresnyl® (3 mg/kg 
intramuscular,, Janssen Farmaceutical- Holland) were used. The number of 
animalss needed for the study was estimated using the Sigmastat® computer 
programm based on a power of 90%. The sample size estimation revealed that 
ninee pigs was the minimal requirement. All experiments were performed 
underr protocols approved by the local Committee on Animal Research. 

ExperimenExperimen tal procedure-operation 
Intravenouss anesthesia was induced using Thiopental® (5mg/kg, Nesdonal 
Rhonee Meurieux, France) and atropine (0.1 mg/kg). Pigs were intubated and 
ventilated.. Booster doses of Sufentanyl® (0.04 mg/kg, Janssen Farmaceutical, 
Holland),, Midazolam (0.6 mg/kg) and Pancuronium® (0.1 mg/kg, Pavulon/ 
Organon)) were administered. Anesthesia was maintained using Sufentanyl 
(0.11 ml/kg/h), Midazolam (0.13 ml/kg/h) and Pancuronium® (0.06 ml/kg/h). 
Animalss were hydrated with 0.9% saline (approx. 10 ml/kg/h). ECG 
monitoringg was undertaken. Peri-operative antibiotic cover was administered 
usingg 0.067 mg penicillin/kg body weight. An 8F ureteric balloon catheter 
endoscopicallyy was manipulated into the distal right ureter and the balloon 
wass lightly inflated. Under fluoroscopic control, iodine contrast was injected 
throughh the core channel of this balloon catheter to visualize the 
pyelocalyceall  system. Under ultrasound guidance, fine needle puncture of the 
pyelocalyceall  system was undertaken and a guide wire was positioned under 
X-rayy control. Subsequently, the puncture traject was dilated telescopically. 
Ann electronic 6F pressure-monitoring catheter with twin measuring points 
wass tunneled subcutaneously from the cervical area and positioned 
antegradelyy under fluoroscopic control into the right ureter. The distal and 
proximall  measuring points lay respectively in the juxtavesical portion of the 
ureterr and 6.5 cm more proximally in the mid ureter. A pigtail nephrostomy 
catheterr was anchored in situ. A tunneled vesicostomy catheter to measure 
bladderr pressure was also anchored in situ via a mini-laparotomy. Separate 
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arteriall  and venous catheters were tunneled and inserted into the carotid artery 
andd jugular vein. Al l tunneled catheters were protected with a Kevlar*  jacket 
(Figuree IB). 

Figuree 1: The experimental set up as described in the Methods section. Measuring 
cabless from the cervical area are protected by a Kevlar jacket (panel A) and are 
connectedd to the transducer hanging one meter above the pig. The transducer is 
connectedd to the computer in the measuring station next to the animal's pen by a 
glasss fiber cable. The animal can move freely during the experiment. Panel B 
illustratess schematically the position of different catheters and electrodes. 
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Afterr the procedure, animals were allowed to recover for 9 days. During this 
postoperativee recovery period, control registration of the ureteric peristalsis 
wass performed each day to assess the recovery of the ureteric peristalsis after 
surgeryy of renal pelvis. 

PressurePressure monitoring catheter and hardware 
AA special F6 measuring catheter (Gaeltec® Scotland) with a twin pressure 
crystall  transducer was used to record peristalsis20. Distance between the 
pressuree measuring points was 6.5 cm. Two electrodes were localized 
adjacentt to each pressure transducer to measure the EMG and impedance, and 
servedd as a positive control for the peristaltic waves ' . The EMG was 
registeredd using a bipolar setting and filter between 0 and 100Hz. The ECG 
wass also registered as a superimposed signal on the EMG curves. The 
impedancee was measured between the two intraluminally placed ureteric 
electrodess and an electrode on the shaved, defatted skin in the homolateral 
lumbarr region. A skin electrode was used to earth the animal. Impedance 
measurementss were fed using an alternating current of 500 Hz and a 12 V 
transducer.. Direct current resistance was <5 KIX The measurement box hang 
aboutt 1 meter above the animal and was connected to the computer using a 
glassglass fiber cable (Figure 1). Data were registered using Lab VIEW (National 
Instrument®,, USA) software running on a Windows NT4® operating system. 
Thee hard- and software was specially developed in collaboration with the 
Departmentt of Biophysics at the University of Amsterdam and BIOSEMI® 
(Thee Netherlands). The catheter was zeroed before introduction at operation 
andd was again controlled at every data registration session. 

MonitoringMonitoring ofhaemo- and urodynamic signals 
AA multichannel Hewlett Packard (HP-78342A) pressure transducer was used 
too register the blood pressure via the arterial catheter. The jugular venous 
catheterr was used for drug administration. To register the hydrostatic pressure 
inn the renal pelvis and the bladder, the nephrostomy and cystostomy catheters 
weree used. The pressure transduction chambers were flushed and zeroed 
regularlyy at the level of the organ concerned. 

CareCare and maintenance of animals 
Eachh animal was examined daily. In all animals, urinary leakage from the 
nephrostomyy ceased within 24 hours. Urinary sediment and culture samples 
weree collected and were always negative. Daily physical examination 
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revealedd no evidence of pyelonephritis. Ultrasound studies (B&K 3535) of 
thee kidneys were undertaken before every data registration session. Only one 
animall  revealed dilatation of the pyelocalyceal system and was excluded from 
thee study. Nursing care of the animals was also regularly undertaken by the 
investigatorr to cultivate and develop a social bond as well as reduce animal 
stresss to minimum during the study. 

DrugDrug administration and data registration 
Att the start of every session, a physical examination of the pig under study as 
welll  as an ultrasound examination of its upper urinary tract was performed. 
Furthermore,, baseline urine production and, blood pressure as well as 
pressuree in the renal pelvis and bladder during approximately 30 minutes 
weree checked. In addition, ureteric EMG, impedance and the pressure 
changess due to peristalsis were registered during a period of 1000 sec and 
usedd as reference (REF-1). Diuresis during this REF-1 period was measured 
byy emptying the bladder via the vesicostomy. The percutaneous nephrostomy 
catheterr was then perfused with 0.25 ml/min saline at body temperature using 
aa pump (Becton-Dickinson, England) and the above mentioned registration 
wass repeated as a second control (REF-2) to be sure that a pyelocalyceal load 
wass present (360 ml/24h plus endogenous diuresis). This control study was 
importantt because when due to drug administration a blood pressure drop 
occurss and diuresis decreases, this baseline provides guidance. Agonists and 
antagonistss of muscarinic, beta- and alfa adrenergic and nitrergic receptors 
weree administered intravenously according to a pre-planned rotating schedule 
att 3-day intervals to eliminate any drug interaction. Systemic effects of 
medicationn were registered. In the current study, carbachol (0.004 mg/kg) and 
atropinee (0.5 mg/kg) were administered as muscarinic agonist and antagonist, 
respectively.. These doses were chosen based on available human and 
veterinaryy literature. Every experiment lasted 6 weeks. 

AnimalAnimal euthanasia 
Pigss were sedated as described. X-ray imaging of the upper tract was 
undertakenn after perfusion (0.25 ml/min) of the nephrostomy with dilute 
iodinee contrast as described earlier to confirm the presence of normal 
peristalsiss 6 weeks post-operatively. The intraluminal catheter was found to 
havee advanced approximately two cm proximally in all cases in comparison 
too its position on the day of introduction (due to animal growth and/or 
movement).. Pigs were then euthenised in accordance with laboratory 



Chapterr 8: effect of Cholinergic stimulation and inhibition 135 5 

guideliness (10 ml pentobarbital sodium 200 mg/ml I.V.). The urinary tracts 
weree immediately harvested for histological analysis. 

DataData analysis 
Thee amplitude (Pmax, cm H20) of every pressure signal, its duration (sec) and 
frequencyy (min1) of the peristaltic curves were manually analyzed and 
recordedd in a spreadsheet program. The duration of pressure signal is 
convertedd in pressure signal length (mm) by multiplying duration with 
propagationn velocity . Frequency distribution analysis of our data revealed a 
naturall  distribution that justifies the determination of the mean, standard error 
off  the mean (SEM) and the P value using a two tailed, unpaired student t-test. 

RESULTS S 
Wee used the same criteria to identify a peristaltic wave as reported earlier20. 
Registrationn of the curves was possible in all sessions. In two pigs, 
registrationn of only one channel was possible due to a break in the wire of the 
otherr channel. One pig destroyed the measuring catheter, so that a second 
operationn was necessary to replace the damaged catheter. 

QuantitativeQuantitative description of the registered peristalsis 
Quantitativee analysis of the acquired data from the REF-1, REF-2, atropine, 
andd carbachol sessions was undertaken using the Excel 2000 (Microsoft®) 
spreadd sheet program. 

Systemicc effects: Atropine and carbachol caused a significant increase (180
66 min" ) and decrease (56  3 min' ), respectively, in heart rate (control: 83
44 min~!, P<0.05). Blood pressure was not affected. The average diuresis of the 
pigss during atropine and carbachol was 64.6  0.8 ml/hour and 62.6  0.7 
ml/hour,, respectively, and did not differ significantly from the control 
conditionn (63.9  0.2 ml/hour). Atropine caused a dry cough and mydriasis, 
whereass carbachol initiated a massive saliva production. 

Urologicall  effects: Post-operative measurement of the ureteric peristalsis 
withinn 4 hours after the implantation of the catheter revealed presence of 
uretericc peristalsis with a frequency of 1.4  0.7 min"1 and Pmax of 39.2  1.6 
cmm H20 in the mid-ureter. Ureteric peristalsis vanished at day 1 and 2 after 
thee operation. The ureteric activity reappeared gradually during the 
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subsequentt days. Hydrostatic pressure in the renal pelvis became measurable 
againn on the 3rd post-operative day. Its rhythmicity reappeared on the 4th post-
operativee day, with peaks of 7 cm H20 and dips of 1 cm H20. Up to day 5, 
peristalticc activity in the mid-ureter were irregular in amplitude and occurred 
inn clusters, followed by long inactive period. Single wave patterns ensued 
fromm day 7 onwards. Normal ureteric peristalsis in distal ureter was re-
establishedd a day later than in the mid-ureter. 

Thee variation of the maximal pressure during a peristaltic wave (Pmax) in 
thee REF-1 and REF-2 periods, as well as the effects of atropine and carbachol 
iss summarized in Table 1. 

Antagoni i 
St t 

Agonist t 

Experiment t 
al l 

Condition n 

REF-1 1 
REF-2 2 

Atropine e 

REF-1 1 
REF-2 2 

Carbachol l 

Pmaxx prox 
(cmm H20) 

*45.3  1.7 
*50.11  1.4 
51.44  1.4 

*43.7  1.5 
*48.2  1.7 
49.44  1.9 

Pmaxx distal 
(cmm H20) 

46.55  1.7 
48.6  1.5 
50.33  1.5 

53.44 0 
55.22 1 
50.77 0 

Lengthh of 
prox x 
signal l 
(mm) ) 

26.00  1.7 
25.66  1.5 
28.33  1.5 

29.33  1.8 
29.44  2.2 
30.11 1 

Lengthh of 
distall  signal 

(mm) ) 

25.55  1.7 
27.66 5 
26.33  1.5 

27.11 0 
27.44 1 
27.66  1.9 

Frequency y 
(min'1) ) 

6 6 
3 3 

2.00 8 

5 5 
•1.66 4 

1 1 

Tablee 1: Reference values before (RE-1) and after (REF-2) perfusion of the upper 
urinaryy tract with 0.25 ml.min saline, and after administration of atropine or 
carbachol.. Note that Pmax and peristaltic frequency in mid-ureter are significantly 
increasedd during perfusion of the renal pelvis with 0.25 ml/min saline (cf. REF-2 
withh REF-1). Atropine and carbachol failed to affect the ureteric peristalsis in any 
off its parameters when compared with REF-2 results. Asterisk: P <0.05. Results: 
Meann  SEM 

Pmax,, the length of the pressure wave and the peristaltic frequency were 
unaffectedd by either atropine or carbachol. Perfusion of 0.25ml saline through 
thee nephrostomy caused a significant (P<0.05) increase of Pmax and peristaltic 
frequency,, but in the mid-ureter only. Hydrostatic pressure in the renal pelvis 
showedd a rhythmic variation between 0 and 6.5 cm H20 that was non-
synchronouss with respiration and that was also unaffected by atropine or 
carbachol.. The two drugs did not change intravesical pressure either. Imaging 
studiess with X-rays revealed that peristalsis was still present at 6 weeks 
postoperatively.. The measuring catheter was displaced approximately two cm 
proximall in comparison with its level on the day of introduction. Histological 
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stainingg (haematoxylin & eosin) of the harvested ureter revealed only a very 
mildd inflammatory response. 

DISCUSSION N 
ImportanceImportance of chronically instrumented animal studies vs. acute experiments 
AA considerable number of studies on ureteric physiology that are based on in 
vitrovitro or acute in vivo experiments 14172125 have been published. The most 
importantt criticism of these data is the influence of anesthesia and trauma on 
normall  physiology. Results of in vitro studies can never fully explain the 
effectss of a complex and dynamic multivariate regulatory circuit e.g. the 
effectss of receptor stimulation or inhibition on motor activity in the ureter. 
Thee mammalian upper urinary tract (UUT) is also difficult to reach since it is 
hiddenn safely in the retroperitonial area. Radioactive imaging techniques 
(MAG-33 renogram) as used in clinical studies of UUT motility are unsuitable 
forr experimental study in a conscious chronically instrumented animal. 
MovementMovement artifacts would render the study impossible or useless. Our 
experimentall  set up is similar to that used in humans for percutaneous 
nephrolithotripsyy (PNL) with a double pigtail catheter left in situ. Our 
detailedd control studies reveal that the UUT of our animals was not affected 
too any significant degree by inflammation or signs of obstructive uropathy. 

Extensivee searches in the Med-line database failed to reveal reports with a 
similarr approach to our physiological study of the UUT. There were several 
technicall  problems to overcome. Successful puncture of a minimally dilated 
UUTT of the pig is more difficult than in man because of the long thoracic 
cagee covering the kidney. Pigs are by nature intelligent, but routing, 
inquisitivee and destructive animals. It was therefore a great challenge to 
positionn and maintain all tunneled measuring catheters in situ during the 
weekss of experimentation. Despite all our efforts, we did lose one catheter as 
mentioned.. Animal movement negatively affects the registration of small 
signals.. To this end, the pigs socialization program with the investigator was 
off  crucial importance to reduce the number of artifacts to a minimum and to 
assuree the success of the experiments. 
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DiscrepancyDiscrepancy between the in vivo and in vitro studies 
Cholinergicc nerve fibers are present in various densities in the UUT 13~14. 
Theyy are reported to be of the muscarinic type in most species, including pigs 
17.23-255 j n vj tro acetylcholine is reported to have an inotropic and chronotropic 
effectt on the UUT 14~18. Since systemic effects of cholinergic stimulation and 
inhibitionn were observed in all our animals, there can be no doubt that an 
effectivee biological dose of the drug was administered. Furthermore, our 
experimentall  set-up was calibrated to register changes in frequency and 
contractionn force of ureteric peristalsis when the renal pelvis was perfused 
withh 0.25 ml/min saline. Our results therefore appear to negate any functional 
relevancee of the muscarinergic receptors in the UUT of the conscious pig. 
Thee reason why cholinergic receptor manipulation fails to show any 
functionall  response is puzzling, but possibilities are that other regulatory 
circuitss are superimposed on cholinergic receptor function or that the 
cholinergicc receptors are involved in sensory rather than motor pathways. 
Althoughh the drugs in the concentrations used were effective on the heart and 
glands,, their local concentration in the UUT may also have be too low to 
effectivelyy influence its function. 

PresumedPresumed clinical relevance 
Anti-cholinergicc (anti-muscarinic) drugs are used in clinical urology to treat 
bladderr motor hyper-reflexia and renal or ureteric colics. The mechanistic 
hypothesiss underlying this therapy is that an anti-muscarinic drug would 
reducee hyper-contractility and spasms of the bladder and ureter. Based on our 
experiments,, this spasmolytic effect does not exist. In agreement, no clinical 
evidencee has also ever been reported that continuous use of anti-cholinergic 
medicationn over a long period when used for bladder hyper-reflexia resulted 
inn a dilatation of the UUT. However, the observed co-localization of 
muscarinicc receptors with Calcitonin Gene Related Peptide- positive nerves 
26277 may suggest a sensory function for muscarinic receptors. Anti-
cholinergicc agents may therefore provide relief from pain of ureteric or renal 
colicss via this pathway. We are nevertheless aware that species differences 
mayy play an important role in any experimental animal model. 
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CONCLUSION N 
Uretericc peristalsis persists in initial hours after the operation at pyelocalyceal 
system.. Normal function is re-established a week after the manipulation. 
Recoveryy follows a gradual and hierarchic pattern from proximal to distal. 

Att low rates of diuresis, peristaltic frequency is directly related to the 
pyelocalyceall  urine load. Although ureteric contraction force is increased in 
thee mid-ureter when diuresis rate is increased, Pmax fails to increase in distal, 
juxtavesicall  ureter. 

Uretericc smooth muscle motor activity at the mid- and distal ureter level 
iss not modulated by muscarinic receptors in our chronically instrumented 
animall  model. The presumed spasmolytic effect of anti-cholinergic therapy 
forr renal colics is therefore not supported by our findings. 
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ABSTRACT T 

OBJECTIVES::  The hypothesis that stimulation and inhibition of the 
al-- and P-adrenoceptors lead to an increase and a decrease, 
respectively,, of ureteric contractile function in vivo in a chronically 
instrumentedd large animal study, was tested. 

METHODS::  Twelve female pigs (72  4 kg) were studied. A 
measuringg catheter was introduced and positioned in the right ureter. 
Nephrostomy,, arterial, venous and cystostomy catheters were left in 
situ.situ. Ureteric peristalsis was studied before and after administration of 
propranolol,, isoprenaline, doxazosine, urapidil and phenylephrine. 

RESULTS::  Systemic effects of the agents demonstrated that 
functionallyy effective doses were used. Administration of a-adrenergic 
receptorr agonists led to a higher contraction force and frequency, al 
inhibitorss caused a decrease in contraction force, but the frequency of 
uretericc peristalsis was not changed, p-adrenergic stimulation led to a 
dramaticc decrease in contraction amplitude and frequency, whereas 
administrationn of p-inhibitor increased contractile force but did not 
changee the frequency of peristalsis. 

CONCLUSION::  Stimulation of al and p-adrenoceptors leads to 
modulationn of peristaltic frequency and force of ureter contractions as 
formulatedd in our hypothesis. Inhibitors of al- or p-adrenoceptors have 
ann effect on contraction force, but do not have an effect on peristaltic 
frequency. . 
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INTRODUCTIO N N 
Uretericc peristalsis is myogenic in origin, but is modulated by a 
complexx regulatory circuit that depends on the functional properties of 
thee smooth muscle cells and the innervation from the autonomic 
nervouss system 15. If one considers the ureter as a pumping unit, the 
volumee of urine transported can only be altered by increasing the 
peristalticc frequency and/or the bolus volume 2"4'6. The pressure 
generatedd by ureteric peristalsis should be sufficient to propel the 
urinaryy bolus forward and prevent simultaneously a backward leak. 
Pharmacologicall  modulation of ureteric peristalsis may offer new 
insightt for the treatment of (partial) obstructive uropathy and/or wide 
ureters.. Histologically, noradrenergic nerves have been found in several 
speciess in the adventitia, the smooth muscle and the submucosal layer 
off  the entire ureter . Stimulation of a- and p-adrenoceptors 
stimulatess and inhibits upper urinary tract (UUT) contractility in vitro 
andwv/vo5-8'15"16. . 

Controversyy exists about the physiologic basis for applying 
medication,, which interferes with the adrenergic system. P-adrenergic 
inhibitorss are widely used for a variety of indications, such as 
hypertension,, cardiac arrhythmia or failure, angina pectoris or 
infarction,, migraine prophylaxis, feochromocytoma and tremor 
simplex,, a 1-inhibitors are also prescribed increasingly in recent years 
forr the treatment of lower urinary tract symptoms associated with 
prostaticc enlargement. A controlled, chronically instrumented animal 
modell  study of the pharmacological (side) effects of these agents on the 
ureterr is unavailable. We report in this article our results obtained 
duringg a 6-week long experiment with chronically instrumented pigs. In 
thiss model, we tested the hypothesis that al- and p-adrenergic 
stimulationn leads to stimulation and inhibition of ureteric peristaltic 
forcee and frequency, respectively, and that inhibition of these receptors 
hass the reverse effect. 
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MATERIAL SS AND METHOD S 
Thee experimental design and procedures followed in our study have 
beenn reported in detail {submitted J Urol} . Permission of the local 
ethicall  committee for laboratory animals was obtained after a statistical 
estimatee revealed that nine animal would be sufficient. 

Twelvee female pigs were instrumented as follows: A special 
electronicc measuring catheter to register peristaltic wave activity was 
implantedd in the right ureter in an antegrade fashion. Tunneled 
nephrostomy,, venous, arterial and vesicostomy catheters were also 
implanted.. A blanc registration of ureteric peristaltic activity (REF) 
wass undertaken during perfusion of the renal pelvis with 0.25 ml/min 
salinee at body temperature. The effects of administration of agonist and 
antagonistt to al- and P-adrenoceptors was subsequently recorded using 
aa rotatory schedule of drug administration at intervals of 3 days to 
minimizee interactions between the respective agents. Ureteric 
peristalsiss was visualized using a perfusion of the renal pelvis with 0.25 
ml// min iodine contrast and x-ray fluoroscopic control in the sedated 
animall  at the end of the study. Any systemic effects were registered, 
usingg blood pressure, ECG and clinical monitoring of side effects as 
parameters.. The results were statistically analyzed and are reported as 
meann  SEM. 

Isoprenalinee (0.04 mg/kg) and propranolol (0.07 mg/kg) were 
administeredd intravenously to stimulate and to inhibit, respectively, the 
(3-adrenergicc receptors. Phenylephrine (0.02 mg/kg) is administered as 
ann a-adrenergic receptor agonist. Doxazosine (0.7 mg total dose) and 
Urapidill  (20 mg total dose) were used as al- adrenergic receptor 
antagonistss in separate sessions. 

CareCare and follow-up of animals 
Dailyy each animal was systematically examined. In all animals, urinary 
leakk from the nephrostomy ceased within 24 hours. Urinary sediment 
andd culture samples were collected and were always negative. Daily 
physicall  examination revealed no evidence of pyelonephritis. 
Ultrasoundd studies (B&K 3535) of the kidneys were undertaken before 
everyy data registration session. Only one animal revealed dilatation of 
thee pyelocalyceal system and was excluded from the study. Nursing 
caree of the animals was also regularly undertaken by the investigator to 
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cultivatee and develop a social bond and to reduce animal stress to 
minimumm during the study. 

RESULTS S 
QualitativeQualitative description of the registered peristalsis 
Thee criteria used to distinguish a peristaltic wave were as described 
previouslyy . Registration was possible in every experimental session. 
Inn two pigs, only a single channel registration was possible, because of 
technicall  failure. One pig destroyed the measuring catheter. The animal 
wass re-operated to place a new catheter. 

X-rayy imaging studies revealed the presence of normal peristalsis at 
66 weeks post-operatively but the catheter was displaced proximally by 
caa 2 cm relative to its localization on the first day. 

QuantitativeQuantitative description of the registered peristalsis 
Thee variation of Pmax (maximal amplitude of peristaltic phasic 
contraction)) and frequency of ureteric peristalsis in REF and after 
administrationn of propranolol, isoprenaline, urapidil, doxazosine and 
phenylephrinee group separately is illustrated in Figures 1 and 2, and 
Tabless 1 and 2. 

REF F 

Drug g 

Valuess of Pma, in cm H20 in alt experimenta l condition s 

Propranolo l l 

mid-ureter r 

45.00  1.4 

56.77  1.5 

distall ureter 

45.8+11 9 

61.33  1.8 

Isoprenalin e e 

mid-ureter r 

55.11  1.5 

19.88  1.5 

distall ureter 

58.55 7 

19.44 3 

Doxazosin e e 

mid-ureter r 

47.44  1.5 

36.88 4 

distall ureter 

49.55 0 

37.33  1.7 

Urapidi l l 

mid-ureter r 

49.11  1.7 

39.7+1.6 6 

distall ureter 

52.66 1 

47.44 0 

Phenylephrin e e 

mid-ureter r 

52.2++ 1.4 

68.77 + 1.8 

distall ureter 

58.00 + 1.7 

77.77 7 

Tablee 1: Numeric data of Pmax in cm H20 in the experimental conditions 
shownn in Fig. 1 
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REF F 

Drug g 

Valuess of peristalti c frequenc y in min' 1 in all 

Propranolo l l 

1.7+0.2 2 

2.11 4 

Isoprenalin e e 

2.11 2 

0.33  0.04 

Doxazosin e e 

2.00 1 

2.00 3 

experimenta ll  condition s 

Urapidi l l 

1.77 2 

1.55 1 

I I 
Phenylephrin e e 

1.88 2 

3.33 4 ] 

Tablee 2: Numeric data of peristaltic frequency in min"1 in the experimental 
conditionss shown in Fig.. 2 

Pmaxx is affected by both p- and a 1-adrenergic receptor stimulation and 
inhibitionn (P< 0.05). Propranolol and phenylephrine administration 
resultedd in a significant increase of the Pmax in both the mid and distal 
ureter.. The administration of isoprenaline and doxazosine resulted, on 
thee contrary, in a significant decrease in Pmax. Urapidil resulted in a 
decreasee of Pmax only in mid ureter, whereas the distal ureter was not 
affected.. Isoprenaline decreased the ureteric peristaltic frequency, 
whereass phenylephrine strongly increased peristaltic frequency. The 
otherr drugs used (propranolol, doxazosine and urapidil) did not change 
thee frequency of ureteric peristalsis significantly. 
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DREF F 

 Drug 

Propranolol l 
midd ureter= 1 

distall  ureter=2 

Isoprenaline e 
midd ureter= 3 
distall  ureter=4 

Doxazosine e 
midd ureter= 5 
distall  ureter=6 

Urapidil l 
midd ureter= 7 
distall  ureter=8 

phenylephrine e 
midd ureter̂  9 

distall  ureter= 10 

Figuree 1: Response of the middle and distal ureter segments to a- and p-
adrenergicc stimulation and inhibition. Propranolol and phenylephrine 
significantlyy increased the contraction force relative to the effect of saline 
perfusionn alone (REF). Isoprenaline, doxazosin and urapidil resulted in a 
significantt decreased Pmax, which for urapidil was confined to the mid-ureter. 
Errorr bars represent SEM. Numeric data are presented in Table 1. 

Hydrostaticc pressure in the renal pelvis fluctuated rhythmically in 
aa fashion that was not synchronous with respiration. Hydrostatic 
pressuree of renal pelvis was elevated between 12-15 cm H20 in the 
phenylephrinee group, which is significantly higher than control (0-6.5 
cmm H20) and propranolol group (3.5-7.5 cm H20). The rhythmic 
variationn of hydrostatic pressure in renal pelvis was not altered by the 
otherr drugs. Intra-vesical pressure was not affected significantly by any 
off  the administrated drugs. 
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 Drug 

Propranolo l l Isoprenalin e e Doxazocin e e Urapidi ll  Phenylephryn e 

Figuree 2: Effect of stimulation and inhibition of adrenoceptors on ureteric 
peristalsis.. Only isoprenaline and phenylephrine caused a decrease (0.3
0.044 min" in isoprenaline group compared with 2.1 + 0.04 min" in REF) and 
ann increase (3.3  0.4 min"1 in phenylephrine group compared with 1.8  0.2 
min"11 in REF) in peristaltic frequency, respectively (P< 0.05). Error bars 
representt the SEM. Numeric data are presented in Table 2. 

SystemicSystemic side effects of investigated drugs 
P-adrenergicc group: Propranolol and isoprenaline caused a significant 
decreasee (60  3 min"1) and increase (186  3 min"1), respectively, in 
heartt rate (control: 83  4 min"1, P<0.05). Blood pressure dropped to 
90/200  2/5 mmHg with isoprenaline and to 120/75  7/5 mmHg with 
propranololl  in comparison to 150/85  6/7 mmHg in the control phase 
(P<0.05).. The average diuresis of pigs in the propranolol, isoprenaline 
andd control groups was 69  1 ml/hour, 32  1 ml/hour and 66  0 
ml/hourr respectively (P< 0.05 in isoprenaline). Isoprenaline also caused 
intensee reddening of the skin due to extensive peripheral vasodilatation. 
Somee pigs vomited and one pig died 92 min after administration of 
isoprenaline. . 
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al-adrenergicc group: Heart rate was affected by doxazosine (120  4 
minn ]), urapidil (89  1 min"1) and phenylephrine (150  6 min"1) in 
comparisonn to the controls (83  4 min"1, P<0.05). Doxazosine (120/70 

 8/6 mmHg) and urapidil (110/60  4/4 mmHg) had an anti-
hypertensivee effect while phenylephrine (200/112  12/9 mmHg) 
increasedd the blood pressure (control: 150/85  6/7 mmHg, P<0.05). 
Thee average rate of diuresis in the doxazosine, urapidil, phenylephrine 
comparedd to the control group was 67  1 ml/hour, 63  0 ml/hour 67
00 ml/hour and 66  0 ml/hour, respectively (P> 0.05). 

DISCUSSION N 
Manyy studies have been published on the pharmacological aspects of 
uretericc peristalsis ' ' ~ , but we could not find data on the effects of 
noradrenergicc pharmacological modulation in a chronically 
instrumented,, awake animal model. Such a model is susceptible to 
secondaryy infection and inflammation resulting from the implanted 
foreignn bodies for measurement purposes. Highest priority was 
thereforee given to prevention of infection and prophylactic antibiotics 
weree administered. In addition, maximal sterility during the operative 
proceduree was employed and all precautions were undertaken to detect 
andd prevent hydro-uretero-nephrosis during the study period. 

ValidityValidity of the experimental model and the control studies 
Thee adrenergic receptor agonists and antagonists alter blood pressure. 
Urinee production may drop dramatically as a result of an acute pre-
renall  kidney failure. To compensate for such a sudden drop in the fluid 
loadload of the renal pelvis, we perfused the renal pelvis throughout the 
nephrostomyy with a minimal amount of saline pre-warmed to body 
temperaturee and administered it at a constant flow of 0.25 ml/min 
whichh is equivalent to 15 ml/hour diuresis per kidney. This preload is 
associatedd with an increase in Pmax in the mid-ureter (REF), but did not 
changee Pmax in the distal ureter (article submitted J. Urology and not 
shownn here). This regional effect on the Pmax may be explained by the 
decreasedd ability of the distal ureter to exert a powerful contraction, 
becausee the architecture of the smooth muscle bundles at this level 
differss from that seen in the mid ureter " . 
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Thee results registered by us after drug administration confirm 
recordedd data in the literature about the influence of (3-adrenergic 
manipulationn on ureter peristalsis 5'10>!3'15-16'23-26 j ^ g cardiovascular side 
effectss of isoprenaline, a non-selective p agonist, were dramatic and led 
too death of one pig after the completion of the experiment. Lower doses 
off  isoprenaline used in this study also revealed the total absence of the 
ureterr peristalsis for approximately 600 sec after the administration of 
thisthis drug. Peristalsis in the ureter is gradually restored, but remains at a 
lowerr frequency and contraction force for many minutes. After 
restoration,, the ureteric peristalsis was initially irregular in amplitude 
andd rhythmicity, suggesting continued inhibition of the p-adrenergic 
receptor.. Contrary to available literature 10, administration of 
isoprenalinee (lgr/L saline at body temperature) through the 
nephrostomyy did not reduce ureteric contractility in our model (not 
shown). . 

Propranolol,, a non-selective p antagonist causes a significant 
increasee in Pmax, but fails to increase ureteric peristaltic frequency. The 
sidee effects of propranolol were measurable, but did not lead to 
significantt cardiovascular symptoms. After propranolol treatment, 
uretericc peristaltic activity continued to be regular and predictable in 
time.. The dose of propranolol needed to achieve a ureteric response is 
relativelyy low. This makes the p blockade a potential therapeutic option 
forr the treatment of a partially obstructed upper urinary tract if adequate 
uretericc muscle function is still present. The p-receptors are 
homogeneouslyy expressed in the ureter ' " . This fact, together with 
thee inhibitory effect of the p-adrenergic stimulation on the ureteric 
peristalsis,, gives these receptors an important therapeutic potential for 
uretericc relaxation 10,16. 

Doxazosinee and urapidil are a 1-adrenergic receptor antagonists. 
Theyy were used because most a-receptors in the ureter seem to be a l-
receptorsreceptors . Urapidil has a central 5-HT]A-agonist mechanism, which 
inhibitss development of reflex tachycardia. Both medications have a 
similarr effect on Pmax. Why the distal ureter is not affected by urapidil, 
iss not understood at present. 

<xll  blockade is an established therapy for lower urinary tract 
symptomss (LUTS) caused by a benign prostatic enlargement (BPE). 
Ourr results demonstrate that such blockade affects ureteric peristalsis 



1544 Chapter 9: effect of adrenergic stimulation and inhibition 

negatively.. This negative effect would be especially important if infra-
vesicall  obstruction also leads to increased bladder pressure, which in 
turnn is detrimental to drainage from the UUT. The ureteric peristaltic 
frequencyy is not affected by al blockade. The cardiovascular side 
effectss were also negligible. 

Phenylephrinee is a nonselective a adrenergic receptor agonist. Its 
inotropicc and chronotropic effects are well demonstrated in vivo in our 
animall  model study. Tachycardia and hypertensive side effects were 
considerable.. Since the expression of the a 1-adrenoceptors seems to be 
homogeneouslyy spread throughout the entire ureter ' " its 
stimulationn is directly correlated to ureteric contractility. The al 
receptorr was the most important receptor stimulating ureteric 
peristalsis. . 

Administrationn of a 1-adrenergic stimulants (phenylephrine) leads 
too higher hydrostatic pressure in the renal pelvis, which is not 
encounteredd with the other drugs used. This observation supports the 
conceptt that a 1-adrenergic stimulation increases tonic contraction of 
uretericc muscle. Inhibition of the al-adrenergic stimulation receptor 
mayy reduce tonic activity in the ureter. We were unfortunately unable 
too measure such an effect because our measuring set-up was not 
adaptedd for this goal and the hydrostatic pressure in our control group 
variedd between 0-6.5 cm H20, which is already relatively low, making 
itt difficult to record a further decrease. 

DesignDesign of an ideal pharmacologically active agent 
Indicationss for the use of a spasmolytic agent are generally propagated 
inn clinical medicine for the treatment of colic contractions due to small 
uretericc stones or intra-ureteric operative manipulation . The choice of 
ann appropriate drug depends on the duration of action required. 

Mostt receptor agonists, including those for the various 
adrenoceptors,, have a short half-life. They mimic the effects of the 
neurotransmitters,, which are normally active for a quite short time only 
too effectuate the synaptic signal transmission. If a long lasting receptor 
agonistt activity is desired, the neurotransmitter or the mimetic is 
commonlyy administered via a continuous parenteral infusion. Such an 
administrationn is feasible during operative procedures. However, over-
stimulationn of the receptor can lead to desensitization or even a total 
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losss of signal transduction. Side effects are common since autonomic 
receptorss are widely spread in the organism and the selectivity of the 
availablee agonists towards receptor subtypes, like e.g. a lA, a IB, is 
stilll  meager. 

Antagonists,, on the other hand, are commonly long lasting 
agents.. Since they merely suppress the more or less pronounced activity 
off  the natural neurotransmitters, they are better tolerated and the side 
effectss are generally less problematic. These two reasons make 
antagonistss much more suitable to be administered orally and in 
outpatientt clinics. 

Suppressingg the inhibitory activity of P adrenoceptor activity by 
meanss of an antagonist leads to stronger contractions. However, the 
contractionn frequency is not influenced by p adrenoceptor blockade. It 
subsequentlyy will increase the ureteric resistance to flow and thus 
protectt the UUT from the backwards-urinary leak. At higher rates of 
diuresis,, dilatation of the renal pelvis can take place since the ureteric 
resistancee is increased. Inhibition of the stimulatory activity of the a l-
adrenoceptorss leads to decreased Pmax- The frequency is insensitive to 
aa 1-adrenoceptor blockade as well. Under these conditions, the ureter is 
veryy susceptible to urinary reflux. Interestingly, none of the 
adrenoceptorr antagonists was able to influence the peristaltic frequency 
inn the present study. 

CONCLUSION N 
p-adrenergicc stimulation and inhibition were demonstrated to lead to 
relaxationn and activation of the ureteric contractility, respectively, a-
adrenergicc agonists stimulate phasic and tonic contraction of UUT. 
Administrationn of antagonists for al or P-receptors does not affect 
uretericc peristaltic frequency. 

p-adrenergicc blockade led to higher intraluminal ureteric 
resistancee due to more powerful ureteric contractions and thus a better 
preventionn of reflux of urine back into the ureter, a 1-adrenergic 
receptorr blockade decreases the intraluminal ureteric resistance and can 
thuss trigger vesico-ureteral reflux. This finding may be of some 
significancee in clinical urology for the use of these drugs in the 
treatmentt of lower urinary tract symptoms associated with benigne 
prostaticc enlargement. 
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ABSTRACT T 

OBJECTIVES::  The hypothesis that stimulation and inhibition of 
nitrergicc receptors leads to a decrease and increase, respectively, of 
uretericc contractile function in vivo in a chronically instrumented large 
animall  study, was tested. 

METHODS::  Twelve female pigs (72  4 kg) were chronically 
instrumentedd using an electronic pressure-monitoring catheter in the 
rightt ureter. Furthermore, nephrostomy, arterial, venous and 
cystostomyy catheters were placed. Ureteric peristalsis was studied 
beforee and after administration of LNNA (Nco-nitro-L-arginine, an 
inhibitorr of nitric oxide synthase (NOS)) and L-arginine (the substrate 
off  NOS) in comparison with control measurements with perfusion of 
thee nephrostomy with 0.25 ml/min saline (REF). 

RESULTS::  Systemic effects of the agents demonstrated that 
functionallyy effective doses were used. Administration of LNNA 
resultedd in an increase of amplitude of ureteric peristaltic force in the 
distall  ureter and in the hydrostatic pressure in the pyelocalyceal system. 
L-argininee did not affect the contractility of ureter but did result in a 
significantlyy higher diuresis. The frequency of peristalsis and the length 
off  the contracted segment of ureter were not affected by either agent. 

CONCLUSION::  The biological effects of NO on ureteric motility 
differedd regionally and corresponded with the distribution of NOS-
positivee nerves. Inhibition of the NOS modulates the phasic contraction 
off  the distal ureter. It also increases the tonic activity of the ureteric 
muscle,, resulting in a higher hydrostatic pressure in the renal pelvis. 
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INTRODUCTIO N N 
Uretericc peristalsis originates from pacemaker activity of some smooth 
musclee cells located in the pyelocalyceal system l'5. The electrical 
linkagee of the smooth muscle cells of the ureter via gap junctions 
allowss the propagation of a peristaltic wave. The involvement of both 
cholinergicc and adrenergic nerves in the regulation of ureteric 
peristalsiss is reported 6~10. There are however several experimental in 
vitrovitro and in vivo data that suggest that non-adrenergic non-cholinergic 
(NANC)) neurotransmitters are also involved in ureter physiology 71113. 
Nitri cc oxide (NO) is reported as one of the agents playing a role in the 
physiologyy of the upper urinary tract (UUT), but its exact role in 
normall  ureteric peristalsis still needs to be defined. 

Nitricc Oxide Synthase (NOS) converts arginine into equimolar 
amountss of citrulline and NO. Different isoforms of NOS exist. NOS-I, 
andd -III are the so called constitutive NOS isoforms. Their activity can 
bee stimulated by supplying high doses of the precursor arginine and 
inhibitedd by arginine derivatives such as Nco-nitro-L-arginine (LNNA). 
NOS-III  is inducible by cytokines and plays a major role in the control 
off  inflammation. NO produced by constitutive NOS isoforms serves as 
aa neurotransmitter in the central and peripheral nervous system. It is 
alsoo relaxes smooth muscle cells and, in fact, was originally known as 
endothelial-derivedd relaxing factor. NO in urology is extensively 
studiedd as a mediator of penile erection (via vasodilatation), prostatic 
secretionn and contraction of seminal vesicles and the ductus deferens 

.. The involvement of NO in renal hemodynamics and in renal 
tubularr function has also been demonstrated 16~18. 

Nitricc oxide synthase-positive (NOS+) nerves have been 
describedd in the urinary tract3411-19-21 Many NOS+ nerves are found in 
gangliaa near the distal ureter and ureterovesical junction (UVJ) 4I9-22. 
Apparently,, few NOS+ nerve cells are present in the mid ureter. 
Applicationn of NOS inhibitors inhibits relaxation of the pig distal ureter 
inin vitro, which suggests a role as transmitter for NO in the UVJ, 
possiblyy to prevent vesico-ureteral reflux 11,23. We studied the 
modulatoryy role of NO on the mid and distal ureter in a conscious 
animall  model to test the hypothesis that inhibition of NO synthesis 
wouldd increase in the contraction force of peristalsis in the distal ureter, 
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whereass providing excess of the NO precursor arginine would decrease 
thee contractility of the ureter at this level. 

MATERIAL SS AND METHOD S 
Thee experimental design and procedures have been reported in detail. 
Permissionn of the local ethical committee for laboratory animals was 
obtainedd after a statistical estimate revealed that nine animals would be 
sufficient. . 

TwelveTwelve female pigs were instrumented as follows. A special 
electronicc measuring catheter to register peristaltic wave activity was 
implantedd into the right ureter in an antegrade fashion. Tunneled 
nephrostomy,, venous, arterial and vesicostomy catheters were also 
implanted.. A blanc registration of ureteric peristaltic activity (REF) 
wass undertaken during perfusion of the renal pelvis with 0.25 ml/min 
salinee at body temperature. The effects of administration of substrate 
(L-arginine)) or inhibitor (LNNA) of NOS were subsequently recorded. 
Uretericc peristalsis was visualized using a perfusion of the renal pelvis 
withh 0.25 ml/ min iodine contrast and x-ray fluoroscopic control in the 
sedatedd animal at the end of the study. Any systemic effects were 
registered,, using blood pressure, ECG and clinical monitoring of side 
effectss as parameters. The results were statistically analyzed and 
reportedd as mean  SEM. 

LNNAA (50 mg/kg) and L-Arginine (180 mg/kg) were 
administeredd intravenously to inhibit and to stimulate NO synthesis. 
LNNAA was dissolved in 500 ml acidic saline (pH 5), subsequently 
neutralizedd to pH 7, and passed through an anti-microbial filter to 
preparee a parenteral injection fluid. To compensate for the volume load 
off  500 ml that was needed to dissolve LNNA, the pigs were fasted for a 
12-hourss period before the experiment. LNNA experiments were 
plannedd as the last experiment in our series, as the half-life of LNNA is 
long.. The L-Arginine was already prepared for human parenteral use. 

CareCare and follow-up of animals 
Dailyy each animal was systematically examined. In all animals, urinary 
leakk from the nephrostomy ceased within 24 hours. Urinary sediment and 
culturee samples were collected and were always negative. Daily physical 
examinationn revealed no evidence of pyelonephritis. Ultrasound studies 
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(B&KK 3535) of the kidneys were undertaken before every data 
registrationn session. Only one animal revealed dilatation of the 
pyelocalyceall  system and was excluded from the study. Nursing care of 
thee animals was also regularly undertaken by the investigator to cultivate 
andd develop a social bond and to reduce animal stress to minimum during 
thee study. 

RESULTS S 
QualitativeQualitative description of the registered peristalsis 
Thee criteria used to distinguish a peristaltic wave were as described 
previouslyy . Registration was possible in every experimental session. 
Inn two pigs, only a single channel registration was possible, because of 
technicall  failure. One pig destroyed the measuring catheter. The animal 
wass re-operated to place a new catheter. 

X-rayy imaging studies revealed that peristalsis was present in all 
pigss at 6 weeks postoperatively. The catheter was displaced proximally 
byy about 2 cm relative to its initial position. 

QuantitativeQuantitative description of the registered peristalsis 
Thee variation of Pmax (maximal amplitude of peristaltic phasic 
contraction)) and frequency of ureteric peristalsis in REF and after 
administrationn of LNNA or L-arginine are illustrated in Figure 1. 
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Panell  C 

FIGUREE 1: Effect of modulation of NO synthesis on ureteric peristalsis. Panel A 
illustratess the effects of LNNA and L-arginine in the distal and mid-ureter on Pmax in 
comparisonn with REF. In panels B and C, the length of the contracted segment and the 
peristalticc frequency, respectively, are illustrated. 
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Relativee to REF (43.2  1.8 cm H20), Pmax (72.3 1 cm H20) is 
increasedd only in the distal ureter of the LNNA group (P< 0.05). 
Perfusionn of 0.25 ml/min saline through the nephrostomy causes a 
small,, but significant (REF: 52.7  1.7 cm H20) increase of Pmax only in 
thee mid ureter of the LNNA (Pmax: 51.3  1.5 cm H20) group. The 
peristalticc frequency (1.7+ 0.2 min"1 in LNNA group and 2.1  0.2 min 

inn L-arginine group) and length of the ureteric contraction during the 
peristalsiss were not affected by LNNA (REF: 29.0  1.8 mm in mid 
ureterr and 28.8  1.0 mm in distal ureter; LNNA group: 29.5  1.7 mm 
inn mid ureter and 30.0  1.3 mm in distal ureter) or L- arginine (REF: 
28.55  1.9 mm in mid ureter and 29.9  1.6 mm in distal ureter; L-
argininee group: 29.3  1.9 mm in mid ureter and 29.6  1.5 mm in 
distall  ureter). 

LNNAA increased hydrostatic pressure in the renal pelvis 
significantly,, showing a rhythmic variation between 12 and 18.5 cm 
H200 (control: 0 to 6.5 cm H20, P<0.05) that was not synchronous with 
respiration.. Intra-vesical pressure was not affected to a significant 
degreee by LNNA. L-arginine again did not have any significant effect 
onn hydrostatic pressure in the renal pelvis or in the bladder. 

SystemicSystemic side effects of the investigated drugs 
L-argininee and LNNA caused a decrease in heart rate from 81  4 min"1 

inn controls to 75  4 min"1 (not significant) and an increase to 120  2 
min"1;; P<0.05), respectively. Blood pressure was decreased from 
130/900  6/7 mmHg in the control group to 120/90  8/5 mmHg in the 
L-argininee group and increased to 300/190  9/7 mmHg in the LNNA 
groupp (P<0.05). The average diuresis of the pigs in the LNNA, L-
argininee and control groups was 74  2 ml/hour, 82  1 ml/hour and 70 

 1 ml/hour, respectively (P< 0.05 for the L-arginine group). No 
generall  symptoms were observed after L-arginine administration. 
Sevenn of the 11 pigs developed a nystagmus after administration of 
LNNA.. The severe hypertension after the LNNA treatment lasted 3 
days. . 
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DISCUSSION N 
AA chronically instrumented large animal model was developed to 
circumventt criticisms on acutely performed experiments studying 
ureterr physiology. The effects of this chronically instrumented model 
wass reported earlier. 

EffectEffect ofLNNA and L-arginine on renal blood flow and diuresis 
Uretericc peristalsis in vivo is not only dependent to the excitatory status 
off  the smooth muscle cells in the upper urinary tract UUT, but also on 
thee rate of diuresis. NOS blockade resulted in vasoconstriction and a 
decreaseddecreased renal blood flow 16~18, whereas exogenous NO resulted in 
vasodilatationn and an increased renal blood flow . Renal blood flow 
determiness the rate of diuresis and thus indirectly the frequency of 
uretericc peristalsis. 

Inn this study, inhibition of NO synthesis with LNNA resulted in a 
malignantt hypertension that lasted approximately 3 days. The heart rate 
wass also increased. However, the diuresis was not significantly 
differentt from the control group, perhaps because the increased blood 
pressuree neutralizes the effects of vasoconstriction in the renal vascular 
bed.. L-arginine did result in a significantly higher diuresis rate due to 
itss vasodilatory effect, increasing renal blood flow and glomerular 
filtrationfiltration rate without significantly changing blood pressure. As far as 
wee are aware, these findings have not been reported previously in such 
aa study. 

EffectEffect ofLNNA and L-arginine on upper urinary tract motility 
NOO is argued to be inhibitory on upper urinary tract motility " . In 
vitro,, NO donors decrease the spontaneous and induce contraction of 
smoothh muscle cells of the pyelocalyceal system in a dose-dependent 
fashionn 26. A negative effect of NO on the tonic contraction of the 

977 ~\ 1 

humann ureter and of experimental animals is also reported " . These 
effectss are probably mediated via NOS-III dependent NO synthesis in 

9ftt  97 

thee porcine and human pyelocalyceal system " . 
Systemicc side effects of LNNA and L-arginine were observed, 

demonstratingg that biological and physiological effects on the ureter 
couldd be expected. Perfusion of the renal pelvis with 0.25 ml/min saline 
throughthrough the nephrostomy was undertaken to compensate for the 
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possiblee hypo-diuretic effect of LNNA and L-arginine. Administration 
off  LNNA resulted in a significant increase of Pmax in the distal ureter, 
thatt is, where the highest concentration of NOS+ nerves was reported 
inn the literature. LNNA did not increase the Pmax in the mid-ureter. L-
argininee on the contrary was not able to reduce the Pmax in either the 
mid-- and distal ureter. The pre-existence of local endogenous NO 
excesss may explain this finding. 

Thee distal ureter may be kept in a relaxed status by the local 
abundancee NOS+ nerves. A more powerful contraction of this part of 
thee ureter may be produced by a temporary inhibition of NO synthesis. 
Constitutivee NOS isoforms are dependent for their activity on 
intracellularr Ca2+, limiting the activity of these NOS isoforms to Ca2+ 

transients.. The short half-life of NO further assures that relaxation of 
thee ureter stops after the passage of the peristaltic wave. 

LNNAA and L-arginine did not affect peristaltic frequency and the 
lengthh of the contracted segment of the ureter during peristaltic activity. 
Thesee findings are at variance with earlier data, which suggested that 
spontaneouss pyelocalyceal activity was affected by NO in vitro 26"27. 
Thiss discrepancy may be explained by the compensatory effect of 
alterationn in diuresis and/ or rate of perfusion of saline through the 
nephrostomyy and its direct effect on the peristaltic frequency of the 
ureter.. The length of contracted segment depends on the duration of 
contractionn and is independent of state of NO activity. 

Hydrostaticc pressure in the pyelocalyceal system was increased in 
LNNAA group. This finding supports the supposition that blockade of 
NOO synthesis wil l increase the tonic activity of ureteric muscle. 
However,, because of the severe systemic side effects of LNNA, 
blockagee of NO synthesis is not (yet) a modality to treat vesico ureteral 
reflux.. L-arginine failed to alter the hydrostatic pressure in the 
pyelocalyceall  system. 

CONCLUSION N 
Thee biological effects of NO on ureteric motility vary regionally and 
correspondd with the distribution of NOS. Systemic inhibition of NO 
synthesiss results in a significant rise in tonic and phasic (Pmax only in 
thee distal ureter) contraction force of the ureter, whereas supplying 
extraa substrate (L-arginine) does not reduce the phasic and tonic 
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contractilityy of the ureter. These findings indicate that the distal ureter 
iss inhibited by abundant local NOS activity and is regulated phasic 
inhibitioninhibition of the NOS+ nerves. From our model, the fundamental role 
off  NO metabolism in controlling distal ureter motility seems to be 
explained. . 
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Thiss thesis describes a number of structural and functional 
characteristicss of the ureter and ureterovesical junction. The functional 
parameterss were then used to evaluate the effects of different 
pharmaceuticalss on ureteric peristalsis in chronically instrumented pigs. 

Chapterr  1 provides an introduction into and a summary of the 
literaturee about form and function of the upper urinary tract, in 
particularr the ureter. It also describes the outline of this thesis. Finally, 
itt summarizes the conclusions drawn in this thesis. 

Chapterr  2 describes the functional anatomy of the ureterovesical 
junctionn and the distal ureter, as revealed by enzyme-histochemical 
visualizationn of specific and non-specific cholinesterases. A computer-
aidedd three-dimensional reconstruction of the respective muscle 
bundless is provided. Based on these data, a hypothesis about active, 
unidirectionalunidirectional bolus transport was formulated. The ureter can slide 
freelyy in its transmural tunnel through the bladder wall and can shorten 
itss length, but cannot constrict its diameter. When the urine bolus arrives 
att the ureterovesical level in the ureteric lumen, it is discharged into the 
bladderr cavity by active retraction of the distal ureteric wall over the 
bolus.. Thickening of the contracted portion of the ureter within the 
bladderr wall and more proximal ureteric constriction prevent upstream 
leakage.. Distal spreading of a ureteric contraction wave into the 
superficiall  trigone increases the submucosal ureteric length, aiding in 
passivee reflux prevention. 

Chapterr  3 describes the employment of the endoluminal 
ultrasonographicc (ELUS) technique to study the anatomy of the upper 
urinaryy tract in vitro. It is concluded that ELUS is able to differentiate 
betweenn the ureteric and detrusor muscle contraction and that the gross 
anatomyy of the ureterovesical junction can be reconstructed. ELUS 
technology,, however, fails to differentiate between individual muscular 
layerss in the ureter or the detrusor. Further improvements in ELUS are 
mandatory. . 

Chapterr  4 describes acute in vivo experiments to study the excitation 
patternn (EMG activity) of ureteric peristalsis in the pig. We found that 



176 6 Chapterr 11: summary/ samenvatting 

inn the distal ureter an approximately 10 cm long segment is electrically 
activee in > 90% of EMG activity recordings. The duration of the activity 
iss approximately 4 sec. Such an contracted segment of the ureter 
occludess its lumen and can prevent retrograde leakage of intraluminal 
fluid. . 

Excitationn of the ureteric smooth muscle cells leads to wall movement. 
Inn Chapter  5, the movements of the ureter during the passage of 
uretericc peristaltic activity as visualized with ELUS are reported. It is 
concludedd that the ureter acts as a pump that discharges urine into the 
bladderr through peristaltic activity. ELUS imaging of ureteric peristalsis 
correlatedd well with visual passage of peristaltic waves through the 
ureter.. The shortest peristaltic activity lasted approx. 6 sec in non-
instrumentedd and 5 sec in instrumented ureters. Chronic dilatation of 
ureterr led to a decrease in peristaltic frequency. Interestingly, acute 
dilatationn caused an increase in the frequency of ureteric peristalsis. 

Uretericc wall movements lead to pressure rises in the ureteric lumen to 
propell  the urinary bolus. In Chapter  6, perfusion manometry is used to 
studyy the pressure generation in the ureteric lumen due to peristalsis. 
Wee found that the average maximum pressure (Pmax) in a not previously 
instrumentedd ureter amounted to approx. 35 cm H20 in the mid-ureter, to 
199 cm H20 in the juxtavesical ureter and finally to 7 cm H20 in the 
submucosall  segment. This decline was highly significant. The 
propagationn velocity of the peristaltic wave through the ureter was 
approx.. 2 cm/sec, while the length of the pressure peak was approx. 6 
cm. . 

Inn preparation of chronic studies in the pig ureter, a specially adapted 
intraluminall  catheter and measuring strategy to study peristalsis in the 
upperr urinary tract were developed. In Chapter  7, it is demonstrated 
thatt all three components of ureteric peristalsis (excitation, contraction 
andd intraluminal pressure rise) can be measured simultaneously with this 
instrument. . 
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Inn Chapter  8, the characterization of the chronically instrumented pig 
modell  to study ureteric peristalsis and the effects of cholinergic 
modulationn are described. We recorded a significant 25% increase of 
uretericc peristaltic frequency and 10% increase of contraction force 
duringg renal pelvic perfusion with 0.25 ml/min saline. In this chronic 
model,, administration of atropine or carbachol modulated neither the 
forcee of contraction nor the frequency of ureteric peristalsis. 

Inn Chapter  9, adrenergic modulation of ureteric peristalsis is described. 
Stimulationn of a l- and p-adrenoceptors leads to significant increases and 
decreases,, respectively, of Pmax and peristaltic frequency. Inhibitors of 
a l-- or p-adrenoceptors have an adverse effect on contraction force, but 
doo not affect peristaltic frequency. 

Inn Chapter  10, finally, the biological effects of nitric oxide (NO) on 
uretericc motility are described to be regionally localized. Functional 
effectss related to NO correspond with the morphological distribution of 
NO-synthesizingg enzymes. Inhibition of the nitric oxide synthase-
positivee nerves modulates the phasic contraction of the distal ureter. It 
alsoo increases the tonic activity of the ureteric muscle resulting in a 
higherr hydrostatic pressure in the renal pelvis. 
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Inn dit proefschrift worden een aantal structurele en functionele 
eigenschappenn van de ureter en de ureterovesicale overgang beschreven. 
Dee functionele parameters werden vervolgens gebruikt om de effecten 
vann farmaca op de peristaltiek van de ureter in een chronisch 
geïnstrumenteerdd varkensmodel te analyseren. 

Inn Hoofdstuk 1 wordt een overzicht van de literatuur over de vorm en 
dee functie van de hogere urinewegen en in het bijzonder van de ureter 
gegeven.. Ook wordt de opbouw van dit proefschrift beschreven. 
Tenslottee worden de conclusies van het beschreven onderzoek 
getrokken. . 

Inn Hoofdstuk 2 is de functionele anatomie van ureterovesicale 
overgangg (UVJ) en distale ureter bestudeerd met behulp van een 
enzymhistochemischee techniek bestudeerd om de verdeling van acetyl-
enn butyrylcholinesterase zichtbaar te maken. Op grond hiervan is een 
computer-ondersteundee driedimensionale reconstructie van de 
onderscheidenn spierbundels in de UVJ vervaardigd. Op basis van deze 
dataa is een hypothese opgesteld voor het functioneren van UVJ als een 
actievee sfincter. Doordat aan het distale uiteinde van de ureter 
uitsluitendd longitudinaal verlopende spiervezels aanwezig zijn, kan de 
ureterr zich op dit niveau alleen verkorten en in zijn tunnel door de 
detrusorspierr over de urine bolus terugtrekken. Zodra een urinebolus bij 
dee UVJ arriveert, wordt hij op deze wijze in de blaas gedeponeerd. 
Contractiee van het meest distaal aanwezige circulaire deel van de 
ureteralee spierbundels voorkomt dat er retrograde lekkage van urine 
optreedt.. Door contractie van het meest distale deel van de ureter (ter 
hoogtee van het trigonum) wordt de oorspronkelijke lengte van de 
transmuralee en intravesicale ureter hersteld, hetgeen reflux door een 
passieff  klepmechanisme voorkomt. 

Inn Hoofdstuk 3 wordt de toepassing van Endoluminale 
UltraSonografiee (ELUS) om de anatomie van de hogere urinewegen te 
bestuderenn beschreven. ELUS kan onderscheid maken tussen ureterale 
enn detrusor spierbundels, maar niet tussen de verschillende ureterale 
spierbundelss onderling. Op basis van ELUS beelden werd een 
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computergestuurdee driedimensionale reconstructie van de UVJ 
vervaardigd. . 

Inn Hoofdstuk 4 wordt het excitatiepatroon van de ureterale spieren in 
acutee dierexperimentele studies met behulp van EMG activiteit in kaart 
gebracht.. Het elektrisch actieve deel van de ureter is ongeveer 10 cm 
langg en 4 seconde durend in meer dan 90% van de EMG registraties. 
Hett gecontraheerde deel van de ureter voorkomt, doordat het tevens 
vernauwt,, retrograde lekkage van urine. 

Hoofdstukk 5: 
Excitatiee van de uretrale spierbundels leidt tot bewegingen van de 
ureteralee wand. De bewegingen van de ureterale zijn in kaart gebracht 
mett de ELUS techniek. De ureter werkt als een pomp om de urinebolus 
inn de richting van de blaas te transporteren. De kortst durende 
peristaltischee activiteit was ongeveer 6 sec in niet geïnstrumenteerde en 
55 sec in geïnstrumenteerde ureters. Chronische en acute dilatatie van de 
ureterr leidt tot respectievelijk een verlaagde en een verhoogde frequentie 
vann de peristaltiek. 

Dee zones met verhoogde intraluminale druk in de ureter welke door de 
wandbewegingenn van de ureter ontstaan, vormen de drijvende kracht 
achterr de verplaatsing van de urinebolus. In Hoofdstuk 6 wordt 
aangetoondd dat de gemiddelde maximale druk (Pmax) ongeveer 36 cm 
H200 in de mid-ureter, 19 cm H20 in de juxtavesicale ureter, en 7 cm 
H200 in het submucosale segment van de ureter bedraagt. Dit drukverval 
iss statistisch zeer significant. De voortplantingssnelheid van de 
contractiegolvenn was ongeveer 2 cm/sec en de gemiddelde lengte van de 
drukpiekenn 6 cm. 

Inn Hoofdstuk 7 wordt een meetcatheter en meetstrategie beschreven die 
speciaall  ontwikkeld is om alle drie aspecten van ureterale peristaltiek 
mett behulp van een catheter te meten. Deze techniek is gebruikt tijdens 
dede experimenten met chronisch geïnstrumenteerde dieren die in 
hoofdstukkenn 8, 9 en 10 zijn beschrijven. 
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Inn Hoofdstuk 8 wordt de ontwikkeling van een chronische 
geïnstrumenteerdd varkensmodel gerapporteerd. In dit hoofdstuk is 
ureteralee peristaltiek en het effect van cholinerge modulatie in wakkere, 
vrijj  rondlopende varkens bestudeerd. De frequentie van de ureterale 
peristaltiekk is met 25% en de contractie kracht met 10% verhoogd, 
indienn het nierbekken met 0.25 ml/min fysiologische zout oplossing 
wordtt geperfundeerd (beide veranderingen zijn significant). 
Intraveneuzee toediening van carbachol en atropine blijkt geen 
significantt effect op de ureterale peristaltiek te hebben. 

Inn Hoofdstuk 9 wordt de adrenerge modulatie van ureterale peristaltiek 
beschreven.. Stimulatie van al- en p-adrenoceptoren leidt respectievelijk 
tott een verhoging en een verlaging van de PmaX. Inhibitie van beide 
receptorenn heeft het omgekeerde effect. Alleen stimulatie van al 
adrenoceptorenn leidt tot verhoging van de ureterale peristaltiek. 

Inn Hoofdstuk 10 wordt tenslotte het biologisch effect van 
stikstofoxidee (NO) op de ureterale motoriek beschreven. Dit effect is 
regionaall  en alleen in distale ureter aanwezig, hetgeen correspondeert 
mett de distributie van de NO synthase. Inhibitie van NO synthase 
verhoogtt de tonische en fasische ureterale contracties van de distale 
ureter. . 
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Dee in dit proefschrift beschreven experimenten zijn verricht in 
verschillendee instituten: het GDIA in Amsterdam en het GDL in Utrecht, 
dee afdelingen Experimentele Heelkunde, Anatomie & Embryologie, 
Pathologie,, Cardiologie, Urologie, en Farmacologie van de Universiteit 
vann Amsterdam, en de afdeling Urologie van de Universiteit van Utrecht. 
Gezienn deze brede betrokkenheid bij de totstandkoming van dit 
proefschrift/boekjee is het niet mogelijk iedereen te benoemen en te 
bedankenn die op directe en indirecte wijze een overigens zeer 
gewaardeerdee bijdrage heeft geleverd. 

Hooggeleerdee promotor Lamers, beste Wout, 
Ikk ben je erkentelijk dat ik in de afgelopen jaren bij jou mijn ideeën, 
resultatenn en plannen mocht komen vertellen en je altijd bereid hebt 
gevondenn ze te lezen en bijna altijd van commentaar te voorzien. Ik heb bij 
jouu geleerd hoe de wetenschap ongeveer in elkaar steekt, dat het simpelste 
modell  gewoonlijk het beste model is en dat een goede samenvatting van 
hett probleem een onontbeerlijke onderdeel van de oplossing is. 

Zeergeleerdee co-promotor Dabhoiwala, beste Noshir, 
Ikk wil je bedanken voor vele zaken. Je hebt mij de weg gewezen naar de 
experimentelee en later klinische urologie. Ik heb altijd de vrijheid gehad 
omm mijn eigen modellen te ontwikkelen en te toetsen. Mijn manuscripten 
werdenn altijd van commentaar voorzien en op Engels gecorrigeerd. Je bent 
altijdd voor mij bereikbaar geweest. Last but not least, thanks for non-
medicall  talks. 

Hooggeleerdee promotor Boon, beste Tom, 
Jee hebt mij de vrijheid van keuze gegeven tijdens mijn opleiding tot 
uroloog.. Dankzij jouw flexibiliteit was het mogelijk om een jaar alleen 
experimenteell  werk te doen wat een onmisbaar onderdeel van dit 
proefschriftt is geworden. In jouw kliniek ben ik begonnen en voor een 
groott deel ook opgeleid in wat urologie is. Dank voor wetenschap en dank 
voorr klinisch overleg en (leren) opereren. 

Weledelgeleerdee Dijkhuis, beste Theo, 
Ikk ben je veel dank verschuldigd omdat je van het prille begin aan mijn 
kantt hebt gestaan en mij moeilijke natuurkundige principes uitlegde. De 
eerstee serie metingen in de Amsterdamse periode is verricht met door jou 
geschrevenn software en later in Utrecht was je regelmatig in praktische zin 
betrokkenn bij de metingen. Bij het uitwerken van de Utrechtse 
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varkensexperimentenn is jouw rol essentieel geweest. Zonder jouw kennis 
vann computers en programmeren had dit proefschrift waarschijnlijk een 
heell  andere vorm gekregen. 

Zeergeleerdee van Venrooy, beste Ger, 
Dankk voor meedenken over de uro-dynamische aspecten van dit 
proefschrift.. Ik heb altijd jouw snelle revisie van manuscripten (binnen 
tweee dagen!) gewaardeerd. 

Hooggeleerdee Kurth, 
Ikk wil u danken voor uw blijvende en ondersteunende interesse in mijn 
onderzoek.. Ik heb veel aan uw kritiek en uw adviezen gehad tijdens de 
Amsterdamsee periode van mijn onderzoek. 

Hooggeleerdee Klopper, 
Dee functionele experimenten die in dit proefschrift zijn beschreven, zijn in 
uww laboratorium begonnen. Dank voor deze korte, maar erg intense 
leerperiode. . 

Personeell  van de afdeling Experimentele Heelkunde en het GDIA in 
Amsterdam, , 
Dankk voor julli e steun en bereidheid om oplossingen voor meestal 
onverwachtee problemen te vinden. Mijn speciale dank gaat naar Carla 
Bouwhuis,, Marloes Klein, Pieter Schneider, Stanly Tee, Cees Verlaan, en 
Henkk de Wit. 

Personeell  van het GDL, afdeling grote proefdieren in Utrecht, 
Dee problemen met de chronisch geïnstrumenteerde dieren van Roshani 
hebbenn we samen opgelost, waarvoor ik julli e veel dank verschuldigd ben. 
Mij nn speciale dank gaat naar Hans Vosmeer, Herman Koning, Nico 
Attevelt,, Jannie Visser-de Heus, Elly van Zwoll, Paulin Scholten, Allin e 
v/dd Grift, Hester de Bruin, Fred Vis en John Willem van Mannen. 

Dee heer Hersbach, beste Cees, 
Ikk mocht altijd zonder afspraak bij je binnen lopen voor vragen over de 
vormm van manuscripten en digitale fotografie. Ik heb jouw adviezen voor 
dee vervaardiging van dit proefschrift zeer gewaardeerd. 
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Zeergeleerdee Verbeek, beste Fons, 
Dankk voor je vriendschap en je betrokkenheid voor Beeld analyse en 3-D 
beeldd reconstructies. 

Stafurologenn Lock, beste Tycho, Van Moorselaar, beste Jeroen, en de Kort, 
bestee Letitia, 
Dankk voor de opleiding en flexibiliteit om naast de opleiding urologie ook 
vaakk te mogen schrijven. 

Bestee collegae arts-assistenten Urologie in het UMC, Utrecht, Knipscheer, 
bestee Ben, Onaca, beste Mircea, van Melick, beste Harm, Lazerov, beste 
Ristoo en Brandenburg, beste Jacob 
Dankk voor medical (de CIS vergaderingen en de overdrachten) en non-
medicall  talks. Jullie bereidheid mijn schrijfdagen te realiseren zal ik niet 
vergeten. . 

Mij nn ouders, en mijn drie slimme en altijd aardige zusters, 
Ikk wil julli e bedanken voor julli e rol tijden de ups en downs in mijn leven. 
Julliee vormen het kader van mijn vorming. De weg van de Saéb lagere 
schooll  in Birjand naar de Lutherse kerk in Amsterdam was zonder julli e 
niett mogelijk geweest. 

Mij nn schoonouders en Reza, 
Julliee wil ik bedanken voor jullie warmte en rust. Thanks for 'being my 
friend'. . 

Bestee Albert, 
Dankk voor je onvoorwaardelijke steun gedurende mijn verblijf in 
Nederland.. Je hebt altijd in mij geloofd. Thanks brother. 

Lievee Rozita, 
Veell  heb je geïnvesteerd in dit proefschrift en mijn opleiding tot uroloog. 
Dankk voor je geduld, liefde en inlevingsvermogen. Je bent mijn slimme 
maatje. . 

Enn verder waren er velen die een dankwoord verdienen, maar niet heb 
genoemd.. Dank julli e allen. 
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