482 Hydrocephalus Valves Tested in Vitro


and a Review on 652 Tests Reported in Literature





Aschoff A, Oikonomou J, Hashemi B, Schulte C, Kremer P, Wabel P*, Leonhardt S*, Kunze S


University of Heidelberg, Department of Neurosurgery, Im Neuenheimer Feld 400, D 69120 Heidelberg, Germany 


*Technical University of Darmstadt


Fax  0049-6221-56/5534,   e-mail Alfred_Aschoff@ukl.uni-heidelberg.de





Paper, prepared for the


Conference Shunt Technology


Center of Devices and Radiological Health - Food and Drug Administration


Bethesda, Maryland, 8th January 1999


(Update 19.1.99)





Introduction


	In 1998 there were 127 different valve constructions with >421 pressure ranges and >1200 assemblies available on the market; (including historical models and prototypes we registered 195 models). 


	Well known problems of testing are the dispersion of specimen, the spreading of charges, the variations of the row materials, modifications in production procedures, long-term-changes of the materials and potentional pre-selection by producers, distributors or testers. 


	Representative and statistically confirmed results require: At least 10 new valves, containing multiple charges and probes with a widespreaded storage time: Ideally evrey third specimen should be recently produced (storage < 6 months), manufactured 1-3 years ago and storaged until the expiration date. Additionally 5-10 used valves should be tested, explanted from patients with normal CSF and without infection. The recruitment of probes must be randomized and not influenced by producer, distributor or investigator.


	Consequences: Either one completes new testing of all devices on the world market (possiblity 1) or a critical metaanalysis of all published tests with well qualified methods and only supplementary tests for statistical confirmation (possibility 2). Test can be done either as minimal tests (e.g. conform to the new ISO-standard) or as advanced testing with long-term-perfusions over at least 3, better 12 months, and a complex test inventory.


	Possibility 1:  The ideal test sample should include at least 1905 valves (127 x 15). The costs for the new probes account for $ 762,000 (1270 valves x $ 600). Using the ISO-test as a minimum we would need approx. 10 h per probe (test + documentation). The calculated manpower is 19,050 working hours or 2381 working days or 9.5 years, excluding the time for construction, manufacturing and service of the test-rigs and apparatus. With a 28-day-perfusion of all specimens, 1 day pretest-perfusion and 1 day for other procedures totaling 57,150 test-days, requiring approx. 22 semi-automated computerized test-benchs over 9 years. It may be enough work for a complete technical laboratory with 1-2 engineers and 2-3 laboratory technicians.


	The recent Heidelberg Valve Test Inventory with regular 365-day-perfusions, repeated measurements and up to 35 manual subtests requires about three times more manpower per probe (about 30 [men]years for the complete sample) and a twelvefold longer test-time.


	Possibility 2:  Since the first producer-independent bench-test of Forrest (GB) in 1962, 1133 valves have been tested in 65 series (double counting of same data excluded), preferebly in the USA (n=107, 8 series), Great Britain (>110 specimen, 9 series), Sweden (180, 1 serie; overview table 1) and Germany (677 probes, 38 series; see table 2). Unfortunately many papers are difficult to acquire(internal technical reports, medical thesis, short publications) or not translated in English. To date there is neither a review nor a meta-analyis of this material. 


	The tests can be roughly divided into simple early tests, which were usually very short (often minutes only!), used no deaerated test fluids, no or ineffective* temperature control (*Schubert 72/79/80) and no systematic pretest-preparations (Forrest 62, McNab 62, Corcery 67, Rayport & Reiss 69, Potthof/Hemmer 69, van der Veen 72, Samuelson 73, Fox 72/73, Dawson 75, Singh 75, Hase 81, Buchheit 82, Janneck 83, Enzian 89, Matsumae 89, Maitrot 91, Aschoff 88 (first 15 specimen). The majority of results may me be correct, but due to unsolved methodological problems the reliability of these test results may be doubtful (class III). The ASTM-procedure and most industrial tests are class III.


	A second generation with more complex test rigs and procedures have been used by Hakim 73, Keith & Watts 80-83, Sainte-Rose 87, Gruber 87, Sparrow 89, Horton 90, Bluhm 93, Schˆner 91, Aschoff 89, Runge & Engels 97/98. These tests meet most of the methodological requirements, but have some residual deficits. The results have a high probability of reliability (class II). The new ISO -test may meet class II requirements.


	The first tests using high quality methods, particularly avoidance of air-bubbles and a minimum test time were inaugurated by Ekstedt in 1980. He was followed by Richard & Block 89, Aschoff, Osterloh, Fruh, Schulte, Hashemi, Klank, Kremer, Oikonomou 90-98, Trost & Gaab 90-91, Strovich & Affeld 92, Gˆrsdorf & Affeld 93, Miethke & Affeld 94, Hafez & Kempski 94, Brydon 93-94, M & Z Czosnyka, Whitehouse, Picard 93-98, Leonhardt, Wabel, Walters, Jung 94-98, Brˆﬂ, Richard & Block 98 (class I).


	Nevertheless, the recruitment was ideal (independent and randomized) in only one study (Sparrow 89), and the tests samples usually included too few probes of each tested design, which limited the statistical power and can lead to unrepresentative results or unreliable clinical recommendations. E.g. in the Czosnyka sample one distal slit valve with a flat pressure-flow-graph and a minimal risk of overdrainage was observed (96/97a/97b/98). Unfortunately, this result� differs extremely from approx. 50 other distal slit valves tested in the literature (Fox 72, Hase 81, Sparrow 89, Buchheit 82, Richard 89, Brˆﬂ 98, Aschoff 90-98), which usually showed a high to excessive flow and the highest risk for overdrainage of all valve designs. 


	Generally, we have some well-tested valves (definition: >15 tested probes, class-I-tests incl. long-term- and safety-tests): Holter, Cordis-Hakim, Codman Unishunt, Medos-Hakim adjustable (>50!), Medos-Hakim non-programmable, Pudenz-type burr hole, Sophy SU3/SU8. Usually the results are convergent or the observed differences reflect real variability. In these cases a metaanalysis of existing results would be a sufficient alternative to new expensive tests; a limited number of supplementary subtests may be necessary.


	The next group are valves.with 1. an insufficient number of tested specimen (<15) or 2. with tests performed only in one laboratory (e.g. we tested 45 gravitational valves; there are only 2 test specimen of other independent groups, ergo a missing confirmation) or 3. probes with widely varying results, e.g. Orbis-Sigma (good results Sainte-Rose 87, fair results Czosnyka 94-97, Richard 89, poor results Schˆner 91, Trost 90/91, Aschoff/Schulte et al. 89-98, Leonhardt/Wabel 94-97, Brˆﬂ 98) or 4. without class I-tests. New lab investigations are necessary in addition to a literature metaanalysis.


	Nearly 50% of all 127 available valves (n = approx. 60) have never been tested in independent labs. About 40 designs have been tested only with 1-2 specimen, which may lead to results an anecdotal value of the results only. 


	We conclude that even the review of all existing qualifed valve test data meet only approx. 20-30% of a complete test programm of the international shunt market. Consequently we require approx. 2/3 of the sample, costs and manpower as shown above.





Goals  of a shunt


	Goals for the design of shunts are:


1. To keep the ICP within physiological ranges (horizontal 0-15 mmHg, vertical -5±5 mmHg), unaffected by body position changes, crying, coughing, sneezing, body movements, jogging, lying on valves or other external disturbing factors such as increased tissue pressure in scars.


2. No reflux, especially in venous shunting.


3. A shunt should have a durability for at least 20 years.


4. The biocompatibility should be optimal, which requires an antimicrobial surface modification.


5. Ideally a shunt should offer the option to re-establish the shunt-independence step by step. 


6. In the age of omnipresent telecommunications a telemetric ICP-measurement should be available,  incl. a storage possibility of the îICP-eventsî of the present week.





Material:


Since 1987 we investigated 482 valves with 76 different types of construction, recruited from 18 manufacturers (16 companies; status 12/1999; table 3). 277 probes were new, 205 explanted (after 1 day - 21 years). 315 were simple differential pressure valves (îfirst generationî) and 166 design more sophisticated (îsecond generationî) such as 58 adjustable, 23 autoregulating, 45 gravitational and 41 antisiphon designs. 178 were proximal slit (16 types) and 20 distal slit-valves (9 types); 62 (22 designs) were diaphragm-, 179 (25 designs) ball-in-cone-, of them 45 (8 types) gravitational and 57 (7 designs) adjustable models; one had an integrated antisiphon diaphragm (Beverly). The subgroup of autoregulating designs contained 10 Orbis-Sigma-1 and 4 Orbis-Sigma-2-specimen, 7 Codman SiphonGuard (4 prototypes and 3 available versions) and 2 Phoenix-Diamond. In addition we tested >20 different shunt catheters (ID ÿ 0.6-1.3 mm). Probes with visible obstructions or lesions of the valve body (26) and demo-models (16) were tested (if possible), but excluded from evaluation. 


�
Methods


Pretest-preparation


 	Before measurements we preperfused all specimens for at least for 24 h (flow 10-20 ml/h). The test-fluid (aqua dist. or NaCl 0.9%) was deaerated by vacuum and filtered (0.2 m); the temperature was 37±0.2oC (in a few early tests: 37±2oC). Extreme care was taken to avoid air bubbles (e.g. by inline air bubble traps, transport and connection of probes submerged under water, optical controls and if necessary, use of chemical antisurfactants (AgeponÆ 1:100, Agfa, Lverkusen, Germany, in difficult cases Ethanol 96%).


Accuracy


	The measurement of the valve resistance met the ASTM/ISO*-standards (isolated valves). Although the range of flow was increased to 1-200 ml/h (ASTM: 5-50 ml/h). In addition, we used not only descending (ASTM), but also ascending flow and 23 instead of only 5 (ASTM) or 9 (ISO) registration levels. The accuracy of the pump (Braun PerfusorÆ) was =±0.5% and of two parallel transducers (SensonorÆ 840) =±0.5 mmHg; an additional water column was supplemented for calibration. For comparison with the producer¥s spezifications we used the official flow-rates, e.g. 5 ml/h with Cordis-ball-models, 5 and 50 ml/h with PS-Medical- and Heyer-Schulte-valves, and 10 or 20 ml/h with other products.


Long-term-stability


	10 valves had perfusions during 5-7 days, 59 over 14, 60 over 90 and 59 over 365 days with repeated (3-7) measurement cycles, e.g. in the 1-year-test after 1, 8, 14, 28, 90, 180, 270 and 365 days. The apparatus had a closed loop-system with in-line-microfilters (0.2 m), air bubble traps, a pressure limitation of 80 cmH2O by open overflow; the probes were submerged. A peristaltic pump with 24 channels (Watson-Marlow 505 DI/RL, Falmouth, England) superimposed waves (amplitude 5 mmHg, frequency 70/min). The growth of algae was surpressed by special chemicals (AntalginÆ, Adefo-Chemie, N¸rnberg, Germany), exclusion of light and regular fluid change. 


Pressure-flow-tests


	Tank-tests were made three times ascending from opening pressure to 30 cmH2O (in high resistive valves 50 cmH2O) and descending to the closing pressure. The accuracy of the pressure level was =± 2 mmH2O, of the volumetry (electronic balance) =± 0.1 ml. The running time was usually 10 min., the temperature 37±1oC and the flow through the bench without valves 4174 ml/h. Special subtests tested catheters alone, assembled shunts with and without hanging catheters (îsiphonî) and the influence of superimposed physiological waves, produced in a mechanical six-channel wave-generator.


Safety-tests


	The reflux resistance is highly dependent on the velocity of increase of test-pressure (ASTM/ISO: arbitrary). Therefore we used an exactly defined slow (1 ml/h), medium (10 ml/h) and fast flow (100 ml/h) to increase the test-pressure up to 100 mmHg. The breakthrough-pressure was noted. - The susceptibility to external fluid pressure was evaluated in a pressure chamber with fluid pressures varyied from 0 up to 100 mmHg, and to vectorial forces initially with the head of a test-person resting on the valves, later on with a special simulation test-rig. - The head flexion was simulated with an îadultî diameter of 140 mm, a îneonatalî diameter of 80 mm and - as "worse case" - of 30 mm. The temperature performance was measured at 37, 20 and 0oC, the protein sensitivity with 500 mg/dl fresh frozen plasma, the disturbance by air bubbles with 1 ml/h air to 19 ml/h aqua; (ASTM: no tests). 


	In îpumping-testsî we registered the volume per pumping manúvre, the flow/h, the distal pressure during compression (± distal occlusion), the proximal pressure (suction) with occluded proximal catheter, the compression force and the effect on flow properties before and after 50 pumping-manúvres.


	 In magnetically adjustable valves we registered the maximum distance for successful adjustments and the decentration tolerance of magnet vs. valve varying the distance to the magnets in three axes in 2-mm-steps and the rotatation around the longitudinal and vertical axes. The susceptibility to common magnetic fields was tested with household magnets, loudspeakers, earphones, mobile phones(2+8 W) etc. using longitudinal and rotating movements. The MRI-compatibility was evaluated with exposure to 1.0-4.0-T-magnetic fields. 


	Gravitational valves had tests at different angles (0-90o), rotations around the longitudinal axis (0-90-180-270o) and with superimposed vertical vibrations (amplitude 3-6 cm, frequency 60-90-120/min) simulating walking and jogging movements.
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Fig. 1  Significant hysteresis (îsilicone memoryî) of a proximal slit valve.





Results


Accuracy


	All valves, especially all plastic probes, showed a hysteresis due to tiny plastic deformations and adhesive effects of the surfaces. Fig. 1 shows the pressure graph with increasing and decreasing flow, which is 250 mmH2O less than expected. The ASTM-procedure uses only descending flow and conceals the real flow properties. Similar effects can be provoked by pumping or flushing: After 50 pumping manúvres every second specimen dropped by 52 mmH2O (mean), maximum by 218 mmH2O. This îsilicone memoryî persisted from minutes to some days. Therefore, pumping or flushing pre or during testing must be strictly  avoided.


	First series (n=289): Only 36% of all valves met their official specification ±20 mmH2O. 24% of the valves tested deviated byup to 50 mmH2O or one îpressure rangeî, 15% îtwo rangesî by up to 80 mmH2O and 12% three îpressure rangesî and 13% showed extreme failures up to 1440 mmH2O. Surprisingly, explanted valves displayed similar results to new probes. The poorest accuracy was observed in Holter-Hausner valves produced with a sticking silicone in 1987-88 (charges with code IJK, recalled in 1988), which failed by 139 mmH2O (mean)! Other proximal slit valves (incl. former Hauser-charges A...G) deviated on average by 61 mmH2O, Orbis-Sigma (type 1) 68, diaphragm-models 37 and ball-in-cone valves 29 mmH2O (20 mmH2O without the minor quality Chhabra- and Sophysa-specimen).


	In 112 pulsed long-term-perfusions up to 90 days only 40% remained stable (drift < 1 mmHg). A total of 21% drifted about one îpressure rangeî (1-1.9 mmHg), each 13% two (2-2.9 mmHg), three or more ranges up to 29 mmHg. In the first week 72% and in the third month 57% drifted. Generally short-term-tests, e.g. the one-hour-procedure of the ASTM, are completely inadequate for testing lifelong implants.


 	The second series (36 valves, Schulte & Aschoff 1996) was tested for over one year. Of these, 14% were stable (drift <10 mmH2O, 25% acceptable (10-20 mmH2O), but 69% drifted between 21 and 390 mmH2O (drift 21-50 30%, 51-80 6%, 81-135 8%, >135 mmH2O 17%). The most accurate and stable valves were the ball-valves of Cordis, Medos, Miethke and Phoenix (Accura) with a mean deviation of 22% (ÿ SD ±17 mmH2O, range 47 mmH2O, drift 26 mmH2O) and the new diaphragm-designs of Radionics (mean deviation 35%, SD ±12 mmH2O, range 33 mmH2O, drift 15 mmH2O); the distal slit valves failed meanly 69% (ÿ SD ±14 mmH2O, range 45 mmH2O, drift 24 mmH2O), the proximal slit valves (mostly Phoenix) failed 21% (ÿ SD 31 mmH2O, range 96, drift 67 mmH2O). 6 Orbis-Sigma-1 probes deviated average by only 20%, but showed significant mechanical instability (ÿ SD ±83 mmH2O, range 236 mmH2O, drift 203 mmH2O). 


	The third series (n=38; Oikonomou & Aschoff 1998). The distal slit valves showed a high relative (mean 192%), but a low absolute deviation (ÿ 27 mmH2O) and drift (16 mmH2O). Nevertheless, this may be due to preferably low pressure ranges. - The diaphragm designs failed less in relative accuracy (74%), but had a higher absolute deviation (ÿ 50 mmH2O) and indicators of mechanical instability (ÿ SD ±39 mmH2O, range 98, drift 67 mmH2O). - Two simple ball valves (Cordis-Atlas, Miethke Monostep) were stable and medium accurate, while the Sophysa Mini Monopress deviated significantly. - The 3 adjustable ball valves (Codman Medos Microvalve, Sophysa Mini 3 and 8) showed excellent accuracy and no drift. 


	- Codman SiphonGuard No 1 was a prototype with a higher resistance; the probes 2-4 were serial versions and available on the market; unfortunately the official values are not known. The SiphonGuards showed a marked hysteresis and seem not stable (test only for 30 days). - The gravitational ball valves have generally extreme high pressure ranges (up to 400 mmH2O) in the vertical position. Therefore, they showed medium to high absolute deviations (ÿ 83 mmH2O) in spite of an acceptable relative deviation (ÿ 36%), low SD, ranges and drifts. - The 4 other variable resistance designs (NN) were acceptable in low and high flow conditions (5/30 ml/h), but showed instability with intermediate flowrates around 18-20 ml/h; unfortunately an exact official graph is unavailable. These findings may be due to an insufficient specification and does not necessarily imply a functional insufficiency. 


	76 additional short-term-tests of other probes confirmed our earlier experiences.








Pressure-Flow-Properties: 


	Under certain circumstances up to 90% of the hydraulic shunt properties are created not by the valves, but by the catheters, which is primarily dependent on the internal radius (ID, Fig. 2). The common internal diameters of 1.1 - 1.3 mm (lenght 100 cm) drained with 30 cm water pressure 344  and 556 ml/h and supports overdrainage (Fig. 2). The wide variability of identically specified samples suggests that common catheters vary by ± 0.1 mm ID.
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Fig. 2  Hydraulic properties of shunt catheters. Mean of at least 2 exemplares. The wide variability of identically specified samples suggests, that the catheters vary by ±0.1 mm ID. Tubes with diameter of >0.8 mm support overdrainage.





	It is an unexhausted and extremly cheap possibility in shunt design, to preferentially use catheters with an ID of 0.8 mm, which damps the peak flow, but allows enough capacity for drainage even in ICP crises. Pediatric 0.8 mm ID catheters have been used since many years (e.g. Codman James Lumbar, Cordis Lumbar), but they are at risk of kinking due to thin wall material. However it is no technical problem to produce catheters with the same kink resistance as standard tubes: We have tested custom tubes by Cordis (ID 0.8 mm) and Codman (0.9 mm) with the external diameter similar to common 1.1-mm-tubes, which were mechanically stable. In serial production the price would be the same.


	The closing pressures and flow properties of valves varied over a wide range (Fig. 3-6). The closing pressures varied from 1-30 cmH2O with either a steep curve (ball-, diaphragm-, distal slit-valves) or flat slope (e.g. Holter- or Denver-probes). Proximal slit valves showed the maximum variation. Distal slit types (medium range) opened/closed mostly with 1-5 cm water pressure and increased steeply to overdrainage (=50ml/h) 2-3 cmH2O over the opening pressure (graph 4). The majority of distal slit models were not reflux-safe. With the exception of two probes, the properties were similar to simple tubes. Diaphragm valves varied widely in the opening pressure and flow properties (graph 5). All showed steep slopes to overdrainage, which was reached approx. 2-4 cmH2O over the opening/closing pressure. Ball-in-cone valves had a superior reproducibility, but showed a steep increase to an inadaequate high flow (graph 6).
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Fig. 3 Selection of proximal slit valves, preferably medium range. Note: Extreme wide variation in opening/closing pressures and steepness of graph.
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Fig. 4  Distal slit types (medium range) opened predominantly with 1-5 cmH2O pressure and increased steeply to overdrainage (=50ml/h) 2-3 cmH2O higher.
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Fig. 5  Diaphragm valves (medium range) varied widely in the opening pressure(2-14 cmH2O) and flow properties. Inadequate (over)drainage was reached approx. 2-4 cmH2O over the opening/closing pressure. Note: No (hanging) catheters, therefore no activation of antisiphon mechanisms in Delta- or ASD-augmented valves. 
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Fig. 6  Pressure-flow-graphs of 4 explanted ball-in-cone-valves (Codman-Medos, medium range 100 mmH20, unadjustable. In contrast to the diaphragm- and slit-valves the opening pressure and graphs are nearly identically.








�
Safety Tests


Protein


 With 500 mg/dl protein most valves showed no significant alteration except for some sticking and these were usually proximal slit and Orbis-Sigma-valves. Viscosity and protein effects were usually overestimated. Nevertheless, we were not able to simulate long-term effects in the laboratory: In the CSF there are proteolytic enzymes as well as macrophages; both of which can remove protein precipitations. 


Corpuscular elements


	 The susceptibility to erythrocytes or debris is possibly of more clinical importance. We tested the method of Czosnyka (97a/97b/98) using microspheres: 1. Stiff microspheres donot exist in nature; biological material solved in CSF is soft and malleable deformable. 2. The suspension of microspheres was extremely instable: In 2-5 minutes most microspheres were concentrated on the base of syringes (tubes, containers) due to there weight. The test fluid becamse inhomogenous, upper parts showed clear. 


We conclude, that unfortunately there is no reliable lab test to resolve this problem.


Reflux


 	32% of samples were not reflux-resistent, including almost all distal slit probes.


Valve body  deformation


1. Flexion:  Valves permanently are inflected on the curved head, a factor ignored by ASTM and ISO. Simulating a neonatal diameter of 8 cm we observed changes of the hydraulic properties in 56% of probes by up to 500%. Additionally the rotation about  the longitudinal axis of the valves sometimes plays an important role; dependent on the direction of flexion this  may change by more than 500% (Fig. 7).
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Fig. 7  The resistance of this Heyer-Schulte Neonatal Inline Valves varied between 123 (rotation 0o) to 586 mmH2O (900) on the direction of flexion.  Note: Lifelong condition!








2. Vectorial pressure:  Whenever patients sleep on the valves or use a protective helmet there are vectorial forces on shunt. With subjects who rested their head on the valves, we found in 50% of the probes an increase of resistance, often more than 1000%. This may lead to a functional shunt-occlusion. It is a particular problem in many modern soft valves (îvalve-softiesî). Classical constructions are highly robust (Holter, Hakim). 


3. Diffuse fluid pressure:  From our results 29% of all probes were susceptible to external fluid pressure especially antisiphon designs due to soft valve bodies. 


	We have measured subcutaneous pressures up to 30 mmHg in scars and swollen areas instead of the normal 3-5 mmHg. Under this condition the antisiphon-designs increased to 400 mmH2O (Fig. 8).
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Fig. 8  Susceptibility of 8 îanti-siphonî-constructions to external fluid pressure. Similar findings were observed in the Beverly-valve (prototype), Radionics îEquiflowî specimen and the SCDîSiphon Limiting Deviceî.





Pulsations


With superimposed physiological waves the valve flow increased by 10-40%, dependent on valve type. 


"Pumping-testsî


	For 1 ml CSF we counted 3-533 pumping man¯evres. The flow during pumping varied between 12 and 2200 ml/h. In case of occluded distal catheters the pressure in the valves increased up to 2000 mmHg. The negative pressure proximal to the probes was alarming: One single pumping manúvre can lead to -150 mmHg and repeated acts up to -330 mmHg. This can easly lead to sucking of plexus into the shunts. - Distal shunt checks were not reliable.


�
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Fig. 9  Adjustment vs. resistance in Programmable Medos valves. Adequate linearity and accuracy.





Adjustable valves


	Testing for adjustment accuracy we found every second Sophy-probe to be outside (>29 mmH2O) of specifications. Both new Mini-Sophysa probes were improved.


	 The Programmable Medos pressure flow characteristics were linear and accurate (Fig. 9). In accuracy, drift and long-term-tests the Medos valve was excellent.


	With 30 cmH2O pressure, comparable to an upright body position, both adjustable valves drained approx. 150 ml/h, even in the highest settings and with catheters. Indeed the flow stops after reaching a moderate subnormal pressure level (-15 to -20 cmH2O) and avoids excessive negative intracranial pressures. Adjustable valves may decrease, but cannot completely solve, the problem of overdrainage. 	Both designs are susceptible to common magnetic fields, which may lead to unintentional adjustments: Sophy valves were readjusted by many linear or tangential movements of common magnets preferentially to the Low position. Medos valves were less susceptible to linear, but sensitive to circular magnetic movements. In about 250 Medos-patients we had two îspontaneousî readjustments compared to a problematical spontaneous maladjustment quote of 15% in two German Sophy-studies (Will 94, Kr‰hling 95). Both models were readjustable after 2.4 T-MRI exposure.


	A clockwise rotation of 360 degrees upgrades the Medos valve for 2-3 steps (20-30 mmH2O), a counter-clockwise movement degrades for 2-3 ranges. This property is suitable for an emergency adjustment without programming apparatus or in those patients, where the valves are rotated more than 25 degrees around the longitudinal axis and therefore not conventionally not adjustable.


	Fig 10 demonstrates the pressure-flow graph of a typical adjustable valve in three positions: There is a parallel shift of closing pressure and graph. With 30 cmH2O pressure (comparable toan upright body position) adjustable valves drain approx. 150 ml/h even in the highest setting and with catheters. Indeed the flow stops with -15 to -20 cmH2O pressure and we can avoid excessive negative ICPs. Nevertheless, the ICP remains subnormal and in the prone position such a high valve adjustment may lead to underdrainage in many cases. Adjustable valves may decrease, but cannot solve, the problem of overdrainage.


	The clinical use varies widely and consists of five different types of treatment: 1: Pressure initially as high as possible, downgrading on demand. 2. Adjustment as usual, up- or downgrading on demand. 3. Initially low pressure, after shrinking of the ventricles upgrading. 4. Combination with antisiphon- or gravitational upgrade-devices (Cordis GCA, Miethke ShuntAssistent) either primary or 5. secondary on demand. A reliable comparison of adjustable valve studies must take this into account.
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Fig 10  Pressure-flow graph of a typical adjustable valve in three positions: Parallel shift of closing pressure and flow curves.





Autoregulating Valves


	In the Orbis-Sigma-valve, pressure  is controlling the membrane shift and pressure is creating the flow. This means, that Orbis-Sigma is pressure-controlled similar to all other valves. A typical feature of all Orbis-Sigma valves was hysteresis (Fig. 11), which surprisingly could be reduced by vibrations. The passageway for liquid between ring and cylinder is less than 0.01 mm wide, which requires a maximum of precision. Friction between ring and cylinder is easily possible, especially in the case of any kind of center misalignment or debris. Vibrations can overcome this friction.


	 During long-term perfusions of 90-365 days the Orbis-valves (type 1) became more and more unstable with a tendency to increase resistance. We suspect this is due to a plastic deformation of the silicone diaphragm, which leads to a lower position of the ruby ring on the smallest orifice and, as a consequence, to an increasing resistance and lower flow. 


	In pressure-flow tests new Orbis Sigma (type 1) valves opened at between 2 and 8 cmH2O pressure. In the range of 10 to 30 cmH2O pressure the flow rates were mostly between 15 and 20 ml/h, which may be sufficient for most situations and diminish overdrainage (Fig. 12). The Orbis-Sigma 1 had the slowest rise of the pressure-flow graph, but some low-flow slit valves (e.g. Holter, Denver, Hausner)
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Fig. 11 Graphs of an Orbis-Sigma-valve 1 during long-term-tests. Note the significant hysteresis, especially on day 3.
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Fig. 12   Flow-rates of a new Orbis-Sigma-(type 1)-specimen. Note some variation in opening pressure and wide variation in the safety position (îstage IIIî), but relatively physiological flow between 10-30 cmH2O except of probe 3.
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Fig. 13   Comparison of pressure-flow-graphs of Orbis-Sigma (type 1) vs. low-flow slit-valves with a little bit sticking silicone.
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Fig 14  Pressure-flow-characteristics of Phoenix-Diamond and Codman SiphonGuard 3 compared to the flow of a previously tested Orbis-Sigma 1. The Diamond shows a higher flow, leading a higher risk for over-, but a lower risk for underdrainage compared to Orbis-Sigma 1. The SiphonGuard 3 strictly limits the flow to 20 ml/h.  Note: It is a supplementary valve. The flow near the opening pressure is controlled by the main valve (not shown)!


�


Fig 15: The pressure-flow-graphs of a prototype (1) and 3 serial Codman SiphonGuards (2-4). Probe 1 was overshooting flow-limiting, the other inhibited the flow to 25 ml/h, even in high pressure ICP conditions. In many situations they seem to be too rigid.  Note: The measurement was done without primary valve, which controls the opening pressure and flow.





showed similar flow properties (Fig. 12-14). 


	The reliability of Orbis-Sigma 2 seems to be improved. Unfortunately, the manufacturer gives no exact graph of normal values and only a few numeric values. Therefore, a comparison of specification and real properties is arbitrary. Using the available values the accuracy was decreased compared to the former model, but this could be an effect of the problematical specification. The stability of OSV II seems improved, the mean flow a little bit lower compared to the first model.


	In recent years the concept of îautoregulationî was innovated by two new designs, which utilise the same principle but, quite different technical solutions. The Phoenix Diamond valve contains two slit valves and the SiphonGuard a ball valve and a highresisent small passage (ÿ 0.4 mm). In both designs the resistance of the valve increases dependent on increasing differential pressure. Instead of a more or less linear and steep graph these valves produce a flat pressure-flow graph with a somewhat sigma-like (Diamond) or right-angular (SiphonGuard) form. 


	Table 14 shows the pressure-flow characteristics of Phoenix-Diamond and Codman SiphonGuard compared to the flow of a previously tested Orbis-Sigma 1. The Diamond shows a higher flow, rendering a higher risk for over-, but a lower risk for underdrainage compared to Orbis-Sigma 1. The SiphonGuard probe 3 strictly limits the flow to 20 ml/h. Table 15 shows the graphs of 3 commercially available and 1 prototype SiphonGuard. In all cases a flow over 20 ml/h is effectivly inhibited. 


	 Generally there is a conceptual problem in all autoregulating valves: Intracranial volume variations of vascular origin e.g. during nocturnal REM-phases require a CSF-absorption reserve of 100 ml/h or more, to avoid ICP-crises. This is possible in nature, but, not in the rigid flow concepts of Orbis-Sigma, Siphon-Guard or Diamond.








Gravity (body-position) controlled designs


	Overdrainage is mainly caused by gravity and can be solved by gravity. For this purpose, we can use either the weight of the water column in the hanging distal catheter (antisiphon-principle) or the weight of metallic balls (principle of gravitational valves) to upgrade the shunt resistance parallel to the degree of verticalization. 


	As mentioned above, antisiphon-designs drained sufficiently in atmospheric pressure, but were extremely sensitive to any kind of increased external pressure or valve body deformation (Fig 8). 


	This inherent instability may be compensated by successful prevention of overdrainage in many patients, but remains a permanent and unpredictible risk for temporary or permanent functional shunt obstruction.





�





Fig. 16 Gravitational valve (Cordis Hakim-Lumbar): Increasing resistance dependent on the angle of verticalization.





	The resistance of gravitational valves increases exactly parallel to the degree of verticalization (Fig. 16). This simple, robust and relative inexpensive designs (Cordis GCA, Hakim-Lumbar, Miethke Shunt-Assistent) usually work with minimal hysteresis in all directions and are not susceptible to external disturbing factors apart from jogging-like vertical body movements. 





Discussion


	50 years following the first implantation of the Nulsen-Spitz valve, the real shunt properties are often poorly understood. Official tests (ASTM, ISO) and the standard industrial procedures are inadequate. 


	In the treatment of hydrocephalus there is a paradox: On the one hand we use high-tech state-of-the-art-diagnostics such as MRI (± cardiac-gated), PET, intraparenchymatous ICP-measurement, elaborate lumbar infusion tests and psychological test batteries, and on the other hand we implant archaic differential pressure valves designed in the fifties, older than many of the implanting neurosurgeons! Generally the majority of differential-pressure-valves supports overdrainage in the upright body position.


	The advantages of the second valve generation are often counterbalancend by new dangers, e.g. by the excessive susceptibility to external pressure in antisiphon-designs, by the tiny internal dimensions and resulting mechanical instability in Orbis-Sigma and susceptibility to magnetic fields in adjustable valves.





	 The best available technique for adults may be the combination of an adjustable valve, a supplementary gravitational valve unit, a catheter with an internal diameter of approx. 0.8 mm and a antimicrobial coated silicone (e.g. Bactisealô). 


	For children there is no perfect solution: There remains the choice between either adjustable valves alone in the highest clinically accepted pressure range, or combinations of medium-adjusted valves with ASDs or gravitational valves (both with some risks as mentioned above), and in each case with low-flow catheters (ID ÿ 0.8 mm) or perhaps the improved Orbis-Sigma II.


	





Conclusions


1. There are at least 1133 independently tested valves; unfortunately most material seem to be unknown to most neurosurgeons and even authors of îShunt-Booksî. 


	The quality of methods and reliability ranges between class I - III. An increasing number of tests meets class I, in the last decade > 50%. 


	There is no review, meta-analysis or data-bank of results (Recent exceptions: Publications of the U.K. Shunt Evaluation Group, Heidelberg valve test thesis). 


2. Official tests (ASTM, ISO, shunt companies) are too short, ignore common potentially disturbing factors and include failures in test methodology (ASTM class III, ISO class II).


3. Of 127 valves on the world market approx. 10% are well-investigated (statistically sufficient sample size, class I-, long-term-, safety tests). Approx. 45% have never been tested independently, in 45% we have only anecdotal data.


4. The vast majority of valves showed serious deficits in accuracy, long-term-stability, adequate flow-rates in either the upright or horizontal positions and safety.


5. The evident clinical success in approx. 80% of cases, despite poor shunt technology, may be attributed to the enormous adaptability of the patients and not to valves.


6. "Smart" shunts are not a îMission Impossibleî, but up to now ignored by most neurosurgeons and even shunt experts.


�
 Table 1


                                   In-vitro-Tests of HydrocephalusValves�	Country (alphabetical order)	Authors	Valves


	Brasilia  (Paez 95) 	1	>1�	Canada  (Drake 94, da Silva 94)	2	>4�	Columbia  (S. Hakim 73)	1	>13�	France  (Buchheit 82, Maitrot 91, Sainte-Rose 87)	3	18�	Germany  (see special table 2)	37	677�	England  (Forrest 62, McNab 62, Dawson 75, Singh 75,�        Brydon 93/94, M+Z.Czosnyka, Picard, Whitehouse 92-97)	9	>110�	Japan  (Hashimoto 91, Matsumae, Hasan 97)	3	>5�	Netherlands  (van-der-Veen 72)	1	7�	Sveden  (Ekstedt 80; current tests since 97: Eklund, Umea)	1	180�	South Africa  (Sparrow 89)	1	12�	USA  (Rayport & Reiss 69, Horton 90, Fox, Portnoy & �                Portnoy 72/73, Keith & Watts 80-83)	 8	107


	Independent Valve Tests	67	>1134





Notes: Double publication of the same material is excluded (numbers of the last paper). In some papers the number of test specimen is not transparent; we counted the minimal number >No).





Table 2


In-vitro-tests of hydrocephalus valves in Germany


	Author(s), year 	City	Probes	Designs�			n	n


	Steinke  68  	Berlin-Buch	3	1�	Potthoff & Hemmer  70  	Feiburg 	9	1�	Hemmer  70  	Freiburg	>3	3�	Schubert  69/70/72 	Dresden	7	2�	Hase  81  	Ravensburg	5	1�	Janneck  83  	Gˆttingen	3	3�	Gruber & Glaser 83-87  	Basel, Marburg	6	6�	Richard, Block & Steinberg 86/89	Kˆln, Aachen	34	12�	Enzian  89	Bonn	>3	>3�	Trost & Gaab  90/91/92 	Hannover	32	10�	Schˆner & Markakis  91 	Gˆttingen	7	2�	Strovich & Affeld  92	Berlin	6	6�	Gˆrsdorf & Miethke  93 	Berlin	4	4�	Bluhm, Leonhardt & Steudel 93/94 	Darmstadt, Frankfurt	6	3�	Hafez & Kempski  94  	Mainz	1	1�	Miethke & Affeld 94 	Berlin	>1	1�	Runge, Schuhmann & Engel  97	Hannover	>2	>2�	Schumann & Engel  98  	Hannover	2	2�	Brˆﬂ, Block, Richard 98 (preprint)	Kˆln, Aachen, D¸sseldorf	27	12


	Leonhardt and coworkers  94-98	Darmstadt*	>32	12�	   Leonhardt  94  (methodol. paper)�	   Walter & Leonhardt & Aschoff  94/96		7	3�	   Jung & Leonhardt  94		8	3�	   Schubert & Leonhardt  95  (methodol. paper)		1	1�	   Wabel, Leonhardt & Aschoff  96/97/98		19	11


	Aschoff, Benesch, Hashemi, Klank, Kremer, �	Oikonomou, Osterloh, Schulte, von Haken	Heidelberg	482	76�      About 200 valve papers 1988-98


	38 Authors, 14 groups 1968-98	Germany	>677	>76





Notes: *In cooperation with Aschoff; valves mostly from Heidelberg (parallel tests), in part from Homburg/S. Double publication of the same material is excluded (numbers of the last paper). In some papers the number of test specimen is not transparent; we counted the minimal number >No).


�
Table 3


The Heidelberg Test Material: Overview 


(Status December 31th 1998)


	Valves	Summary	Tested	Longterm 	Explant.	Defective�		D= Demo	(testable)	5-365days		*


	76 Different Valve Designs	482	444	179	205	26


	�	1. Proximal Slit Valves:�	Codman Holter Elliptic / Cylindrical	21	20	7	17	1�	Codman Holter Mini	3	3	-	3	-�	Holter-Hausner Standard	104	100	14	57	4�	Holter-Hausner Mini	3	2	2	1	1�	Phoenix Standard	9	9	7	-	-�	Phoenix Mini/ Ancillary	4	4	2	-	-�	Codman Denver Low Profile	2	2	2	-	-�	French Neurone Standard	11	10	10	-	1�	Heyer-Schulte Inline Standard	4 + 1 D	4	4	-	-�	Heyer-Schulte Inline Small	2 D	-	-	-	-�	Heyer-Schulte Inline Neonatal	4 + 1D	4	4	-	-�	Heyer-Schulte Multipurpose without ASD	2 D	-	-	-	-�	  Valve + ASD:�	Heyer-Schulte Multipurpose with ASD	6 + 2 D	6	3	3	-�	HS Mishler with ASD	1 D	1	-	-	-


	Proximal Slit Valves, Summary	178	166	55	81	7


�	2. Distal Slit Valves�	Ammar-Shunt	2	2	2	-	-�	Codman Unishunt (Raimondi)	5	5	4	1	-�	Codman James-Lumbar	2	2	1	-	-�	îHarare-Shuntî Chem-Sun Ltd., Harare	3	3	3	-	-�	Heyer-Schulte One-piece	4	4	4	-	-�	Heyer-Schulte Spetzler Lumbar	1	1	1	-	-�	îLuisa-Shuntî  (Dr.Hernandez, Philippinen)	1	1	1	-	-�	Nottingham Shunt	1	1	1	-	-�	Radionics Unitized 	1 D	1	-	-	-


	Distal Slit Valves, Summary	20	20	18	1	-


�	3. Diaphragm Valves:�	Codman Accu-Flo Burr Hole	2	2	2	-	-�	Dewimed Contour, 2 designs	2	2	2	-	�	Dewimed Burr Hole, 2 designs	2	2	2	-	�	Heyer-Schulte Standard LPV	2+ 1 D	2	2	-	-�	Heyer-Schulte Small LPV	2 D	-	-	-	-�	Heyer-Schulte Burr-Hole 16 mm ÿ 	4	4	3	1	-�	Radionics Burr Hole 16 mm ÿ	2	2	-	-	-�	Radionics Contour-Flex Regular 	2	2	-	-	-�	Radionics Mini Contour	1 D	-	-	-	-�	Radionics Teleshunt Contour	1	1 	-	-	-�	Radionics Neonatal Shunt	2	2	-	-	-�	PS-Medical CSF-Flow Contour Regular	2	2	2	-	-�	PS-Medical Burr Hole 12 mm ÿ	6	6	2	4	-


	Valve  + ASD / SCD�	Heyer-Schulte Standard LPV+ASD	2	2	2	-	-�	Radionics Equiflow Regular + Small	4	4	4	-	-�	PS-Medical Delta Regular (2) + Mini (6)	8	8	2	6	(1)


	Supplementary siphon preventing device�	Heyer-Schulte Anti-Siphon-Device (ASD)	5 (2 D)	4	-	2	-�	PS-Medical Siphon-Control-Device (SCD)	10	10	-	7	1� 	Supplementary siphon preventing device	17	14	-	9	1


	Diaphragm Valves, Summary	62	55	23	20	1


�
Table 3, part 2


	Valves	Summary	Tested	Longterm 	Explant.	Defective�		D= Demo	(testable)	5-365days		*


	�	4.1. Simple Ball-in-Cone Valves�	Codman Medos-Hakim nonprogrammable	41	34	10	28	7�	Codman-Medos Microvalve nonprogramm.	1	1	1	-	-�	Cordis Atlas	2	2	1	-	-�	Cordis-Hakim	22	20	4	13	2�	Cordis-Hakim Pediatric	10	9	2	6	1�	Cordis-Omnishunt	1	1	-	-	-�	Miethke MonoStep	3 (1 D)	2	-	-	-�	Phoenix Accura	13	13	4	9	1�	Sophysa Monopress Mini	1	1	-	-	-


	Simple Ball-in-Cone Valves	94	83	22	56	11


�	4.2 Adjustable Ball-in-Cone Valves:�	Codman Medos-Hakim Programmable 	40	35	7	34	6�	Codman-Medos Microvalve Programmable	1	1	1	-	-�	Kuffer-Strub-Valve	2	-	-	1	-�	Sophysa Sophy SU-8 	10	9	4	3	-�	Sophysa Sophy SU-3	3	3	3	-	-�	Sophysa Mini 8	1	1	1	-	-�	Sophysa Mini 3	1	1	1	-	-


	Adjustable Ball-in-Cone Valves	58	51	17	38	6


�	4.3 Gravitational Ball-in-Cone Valves:�	Chhabra îZ-Flow 2-4 Ballî	10	10	9	-	-�	Cordis-Hakim-Lumbar	4	4	3	1	-�	Cordis-Lumbar Customer modell without spring	5	5	4	-	-�	Cordis Gravity Compensating Accessory GCA	11	11	2	8	-�	Miethke Dual-Switch	8	8	6	-	-�	Miethke Shunt Assistent	3	3	2	-	-�	Miethke PaediGav	2	2	-	-	-�	Sophysa AS	2	2	2	-	-


	Gravitational Ball-in-Cone Valves	45	45	28	9	-


	4.4.  Cone-in-cone valve + antisiphon diaphragm�	Beverly Valve Prototype*	1	1	-	-	-


	4. Ball-in-Cone Valves	198	180	67	103	17


�	5. Autoregulating Valves:�	Codman SiphonGuard Prototype*/serial	4+3	4+3	3	-	-�	Cordis Orbis-Sigma (Typ I)	10	9	7	-	1�	Cordis Orbis-Sigma (Typ II)	4	4	4	-	-�	Phoenix Diamond-Valve*	2	2	1	-	-


	Autoregulating Valves	23	22	15	-	1


	6. Miscelles: �	Clumej Valve (Manizales, Columbia)	1	1	1	-	-


�	76 Different Valve Designs	482	444	178	205	26


�18 Manufacturers  (16 companies) - 277 new valves - 205 explanted valves after 2 days- 21 years; (16 demo-probes not evaluated),  444 testable valves - *26 defective valves (no or stopped test due to total occlusion (2 new probes), or debris (18 valves) or lesion of valve body during explantation�179 Long-term-tests: 59 over 365 days, 60>90, 49>14, and 10 5 - 7 days�Time of tests:  December 1987 to December1998


166 îsecond generationî designs: 58 adjustable, 23 autoregulating, 45 gravitational, 41 antisiphon


�
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