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The Regulatory History of Cerebrospinal
Fluid Shunts for Hydrocephalus

Stephen |. Haines, M.D.,* Jeffrey P. Blount M.D.**

STATEMENT OF PROBLEM

Cerebrospinal fluid (CSF) shunts are implantable devices inserted by neu-
rosurgeons to treat hydrocephalus. Shunt insertion and revision are the opera-
tions most commonly performed by pediatric neurosurgeons (1). There is little
question that these devices have saved the lives of thousands of children and
reduced morbidity in tens of thousands more, yet CSF shunts demonstrate a
substantially higher degree of failure or adverse outcomes than most approved
devices in current use (2). The U.S. Food and Drug Administration (FDA) has
regulatory authority over these and all medical devices. Historically the FDA
has taken a limited regulatory approach toward CSF shunts. The purpose of
this paper is to provide background about hydrocephalus and its surgical
treatment and to examine the effect that such an approach may have had on
the development, safety, and effectiveness of CSF shunts.

BACKGROUND AND DEFINITIONS
Anatomy and Physiology

Cerebrospinal fluid is continuously made (predominantly although not
exclusively) within normal hollow cavities of the human brain called ven-

*Lyle A. French Chair, Professor and Head, Department of Neurosurgery, Professor of
Pediatrics and Otolaryngology, University of Minnesota, Minneapolis, MN.

** Assistant Professor of Surgery, Department of Surgery, Division of Pediatric Neurosur-
gery, University of Alabama at Birmingham, Birmingham, AL.
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tricles. The largest of the ventricles are the two lateral ventricles, which
occur in parallel and have a shape that is complex but that can be broadly
described as the appearance of a medially angulated letter C with a tail
extending from their back (Figure E.1). The tail is the occipital horn while
the top part of the letter C is the frontal horn and the inferior and more
lateral part is the temporal horn. Smaller singular third and fourth ven-
tricles are midline structures in direct communication with the lateral ven-
tricles. At the base of the fourth ventricle in the brain stem (laterally out the
foramen of Luschka and medially out the foramen of Magendie), the CSF
escapes the middle of the brain and freely flows into the subarachnoid space
that extends around the outside of the brain and down into the spine to
surround the spinal cord and nerve roots.

Cerebrospinal fluid is generated by small fronds of pink-orange tissue
within the ventricles called choroid plexus (Figure E.2). Blood flows into
and out of the choroid plexus via the choroidal vessels, and the CSF is
continuously generated from within the choroid plexus in an energy-
dependent process. The rate of production of CSF is about 0.2-0.3 cc¢/

Lateral ventricle

Third venfricle

Fourth ventricle

Lateral foramen

FIGURE E.1 Ventricles of the human brain (3). (Source: Brian J, Warner D. Atlas
of anesthesia: Scientific principles of anesthesia. Miller R, Schwinn DA, eds., 1997.
Used with permission of Current Medicine, Inc., via ImagesMD.com.)
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FIGURE E.2 The cerebrospinal fluid system (4). (Source: Digre K. Idiopathic In-
tracranial Hypertension Headache. Current Pain and Headache Reports. 6(3):217—
225. Used with permission of Current Science, Inc., via ImagesMD.com.)

minute or 35 cc/hr. The total capacity of normal ventricles in adults or
older children (above age 2) is about 35 cc, and another 120 cc of CSF
surrounds the spinal cord and nerve roots. Thus, the total amount of CSF in
the adult or large child is typically about 150-160 cc. Yet the rate of daily
production of CSF is about 3 times that amount.

This imbalance is corrected by the resorption of CSF back into the
bloodstream, which occurs primarily along the superior sagittal sinus and
to a lesser degree from the epidural veins. Structures called arachnoid granu-
lations (Figure E.2) extend extensively from the venous sinuses and serve to
reabsorb CSF back into the bloodstream. As part of the plasma volume, it
in turn is filtered by the kidneys. Thus, there is a complex, one-way, and
tightly regulated circulation of CSF from the choroid plexus within the
ventricles, through some narrow interventricular passageways (foramina or
aqueducts), over the surface of the brain, and into the bloodstream. A
variety of pathologic processes can disturb this delicate circulatory path-
way, resulting in a relative or absolute imbalance between the amount of
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fluid produced and reabsorbed. Some of these pathologic processes are
congenital (e.g., congenital obliteration or stenosis of aqueducts or oblitera-
tion of the resorbtive capacity of the arachnoid granulations), while others
are acquired (e.g., infections, intracranial hemorrhage, or residual hemor-
rhage from trauma or tumors). The resulting imbalance leads to a relative
accumulation of cerebrospinal fluid within the ventricles of the brain that is
called hydrocephalus.

Hydrocephalus

Hydrocephalus (sometimes referred to as “water on the brain”) is a
condition in which an excess of cerebrospinal fluid accumulates in the
brain. In most cases, this is associated with an increase in the CSF pressure,
which can be measured by placing a fluid filled catheter in the ventricle and
connecting it to a manometer or strain gauge. CSF pressure is most com-
monly measured in centimeters of water rather than millimeters of mercury
because manometric readings utilize the CSF itself for measurement and
CSF has the same density as water. As the normal CSF pressure changes
with age, the definition of “high” pressure varies with age as well. The
normal pressure in an adult is thought to be less than 20 cm of water.
However, a pressure of 15 cm of water in a normal adult may be abnor-
mally high in an infant.

There are less common circumstances when the measured CSF pressure
in the ventricle may be in the normal range. For example, ventricular en-
largement associated with excess CSF volume causes brain dysfunction
(“normal pressure hydrocephalus”). This condition is typically observed in
elderly adults. Their scans do not show loss of brain surface volume, and
they may be successfully treated with CSF shunts. A full discussion is be-
yond the scope of this paper, however.

Hydrocephalus must be distinguished from ventricular enlargement
caused by loss of brain volume (sometimes called “hydrocephalus ex
vacuo”), which may result from an acute or chronic injury to the brain. In
the latter situation, the ventricular cavities are enlarged, CSF pressure is
normal, but, unlike those with normal pressure hydrocephalus, MRI or PT
scans show loss of brain volume. It is the generalized loss of brain substance
(which causes the ventricular enlargement) that reflects the underlying brain
disorder that is responsible for their brain dysfunction. CSF shunts do not
help this condition.

Classification Systems

Hydrocephalus may be classified by the location of the primary CSF
space enlargement. “External” hydrocephalus occurs when the subarach-
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noid space surrounding the brain is enlarged. The ventricles may be mod-
estly to moderately enlarged or rounded, but the intracranial pressure is
normal. This condition may also be known as benign macrocrania of in-
fancy or benign extraventricular hydrocephalus (BEH). Ventricular shunts
are not used to treat external hydrocephalus. The more common and more
serious “internal hydrocephalus” is notable for ventricular enlargement
and elevation of intracranial pressure and is usually treated by implanting a
ventricular shunt.

A further classification of internal hydrocephalus is that of “obstruc-
tive” versus “communicating.” In the former, the CSF formed inside the
ventricles cannot flow through its normal pathways (i.e., is obstructed)
from reaching the absorbtive arachnoid villi along the sagittal sinus. Com-
mon sites of obstruction are the cerebral aqueduct (which connects the
third and fourth ventricles) and the outlets of the fourth ventricle. Less
commonly obstruction may occur at the foramen of Monroe or within the
ventricles. Any diffuse injury (e.g., infection, hemorrhage, or trauma) in the
brain has the possibility of eliciting scarring and inflammation that may
contribute to the obstruction.

Another classification is based on etiology, but this is generally used in
conjunction with the above classification scheme. This classification system
defines broad classes of insult to the brain that resulted in the hydroceph-
alus. Examples include congenital, post-infectious, post-hemorrhagic, and
post-traumatic7 hydrocephalus.

Diagnosis of Hydrocephalus

Hydrocephalus is typically suspected because of age-dependent signs of
increasing intracranial pressure. In infants, this manifests as head growth
that exceeds the normal rate, bulging of the normally flat anterior fonta-
nelle (soft spot) of the skull, and behavioral signs, including irritability and
unexplained vomiting. In its later stages, there can be continuous down-
ward gaze of the eyes (“sun setting”) and lethargy.

Older children and adults will complain of headache, nausea, and vom-
iting. Because the head cannot grow to accommodate significant increases
in CSF volume after the age of 2 or 3 years, older children and adults are at
increased risk for significant elevations of intracranial pressure (ICP). As
such, hydrocephalus may cause double vision, papilledema (swelling of the
optic nerve that can be seen by eye examination with an ophthalmoscope),
confusion, and lethargy. Left untreated, this can progress to coma and
death.

To diagnose hydrocephalus, doctors examine an image of the brain,
using either CT or magnetic resonance imaging. CT provides excellent
definition of the ventricles and is sufficiently rapid that sedation is rarely
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necessary even in young children. As such, CT imaging has traditionally
occupied the cornerstone of radiographic assessment of the child with hy-
drocephalus. Figure E.3 compares the CT scans of two children. The first
scan reveals distention of the ventricles in a child with hydrocephalus. The
second scan, from a different child, reveals transependymal flow at the tips
of the lateral ventricles. This darker color within the brain substance at the
tips of the ventricles is thought to result from fluid within the substance of
the brain. Whether the fluid is egressing through the tissue from the dis-
tended ventricles or failing to gain access to the ventricles from the tissue
remains an issue of controversy.

MRI provides images in multiple planes (axial, coronal, and sagittal) and
provides better tissue definition. As such, MRI may provide important addi-
tional information that may elucidate etiology and facilitate classification
and treatment. Figure E.4 is a sequence of MRI images of a child with
hydrocephalus secondary to an intracranial tumor (which is not evident in
these images). In this sequence, the left image shows the rounded, full appear-
ing ventricles in the coronal plane. The image on the right shows ventricular
distention and transependymal flow, which is evident as the darkened areas
in the tissue at the tips of the ventricles in an image taken in the axial plane.

Prognosis

The contemporary prognosis for hydrocephalus is largely dependent
upon the degree to which it is recognized and successfully treated and
followed. The natural history of untreated hydrocephalus is ominous. While
some patients are able to arrive at an equilibrium in which excess CSF
volume is compensated by head growth and brain volume reduction to
result in normal intracranial pressure, most are not. Even those that reach a
compensated equilibrium often suffer cognitive and physical impairments
related to the effects of adjusting to chronically increased pressure on brain
development. Prior to the development of effective shunt systems, the natu-
ral history of most infants with hydrocephalus was that of progressive
neurologic decline, macrocephaly (potentially grossly dysmorphic), and
early death.

TREATMENT AND COMPLICATIONS

Treatment

The treatment of hydrocephalus is surgical. Although some medications
have been shown to reduce the rate of CSF formation (acetazolamide, digoxin,
and furosemide are the most common), they rarely are sufficient to relieve the
symptoms of significant hydrocephalus. It is unusual to significantly delay
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FIGURE E.3 CT scans of a child with hydrocephalus and a child with transependy-
mal flow at the tips of the lateral ventricles. (Courtesy of Jeffrey P. Blount, M.D.)
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FIGURE E.4 MRIs of a child with hydrocephalus. (Courtesy of Jeffrey P. Blount,
M.D.)
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surgical treatment once the diagnosis is established. Occasionally these medi-
cations can be used to temporize until surgical therapy is undertaken, but
there is no significant role for medical therapy in the long-term, contempo-
rary treatment of hydrocephalus.

Historically, three conceptual surgical approaches have been under-
taken to treat hydrocephalus: reduction of the rate of formation of CSF by
ablation of the choroid plexus, establishment of alternative pathways for
the spinal fluid to reach the arachnoid granulations, and shunting of the
fluid to a body cavity where it can be absorbed (5).

Prior to the development of valve-regulated CSF shunts, attempts were
made to decrease the formation of CSF by surgical removal of the choroid
plexus (choroid plexectomy). This intervention was developed because the
choroid plexus was the site where CSF was known to be generated. Later, it
became evident that CSF also egresses directly from the brain tissue itself.
While occasionally successful in establishing a “compensated” state, cho-
roid plexectomy was rarely curative and has been relegated to be of only
historic interest with an important exception. Choroid plexectomy may be
highly useful in treating hydranencephaly—intrauterine destruction of the
brain caused from infections or infarcts, which results in loss of the cortex
and replacement with CSF.

A number of surgical interventions have been proposed to bypass the
site of obstruction to CSF flow surgically. The first historical efforts at-
tempted wholly intracranial diversion from the trapped ventricles. One
such procedure (popularized by Torkildsen during the early 1950s) involves
placement of a valveless tube from the ventricle to the subarachnoid space
(usually the cisterna magna at the base of the skull). Despite initial claims of
success, ventriculocisternal diversion did not provide long-term control for
hydrocephalus and is no longer used.

Another approach involved the surgical creation of an alternative path-
way past an obstruction to the subarachnoid space and arachnoid granula-
tions. Anatomically, the most inviting location to pursue this was through
the floor of the third ventricle. Hydrocephalus causes distention of the third
ventricle with thinning of the floor so that an opening can be made to the
subarachnoid space (third ventriculostomy) without disturbing any func-
tional neurological tissue. When done as a major operation involving widely
opening the skull (craniotomy), it had significant risk of death and disabil-
ity. In the 1950s and 1960s, emerging capabilities in stereotactic neurosur-
gery allowed the procedure to be performed with less morbidity than with
open approaches. However, the puncture was made without direct visual-
ization or x-ray guidance and severe complications occurred.

In the late twentieth century, advances in endoscopy led to a resurgence
of interest in third ventriculostomy. Contemporary endoscopes allow excel-
lent visualization of the floor of the third ventricle. Endoscopic third ven-
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triculostomy is an important procedure in contemporary management of
hydrocephalus, but it is an effective intervention only for a subset of pa-
tients with hydrocephalus. Long-term results of and patient selection for
endoscopic third ventriculostomy remain topics of considerable interest
and continued investigation (6).

Valve-Regulated CSF Shunts

The first reliable valve-regulated CSF shunt was developed in the 1950s
by John Holter after his son was born with spina bifida and hydrocephalus.
Holter was a machinist and, faced with a condition for which no reliable
treatment was available, designed and produced the Holter valve in con-
junction with neurosurgeon Eugene Spitz. This valve was rapidly adopted
and represented a major breakthrough in the treatment of hydrocephalus.
Other differential pressure valves were subsequently developed, and major
and minor modifications of devices and techniques followed (2).

Like all shunts the initial shunt consisted of a ventricular catheter, a
valve, and a distal catheter. The ventricular catheter is the portion of the
shunt that penetrates the skull and the brain tissue. The valve prevents over-
drainage of cerebrospinal fluid. In the absence of a valve, fluid can rapidly
drain down the tube and cause acute drops in the intracranial pressure.
Acutely this causes severe headaches, vomiting, and lethargy and may con-
tribute to the collapse of the ventricles. Subsequently, ventricular collapse
may cause the surface of the brain to pull away from the inner surface of the
skull. This can result in the disruption of draining veins and the accumula-
tion of potentially life-threatening subdural hematomas. The distal catheter
is the portion of the shunt that drains the CSF from the valve to its ultimate
body cavity for absorption. The most popular location for the distal drain-
age catheter in early shunts was the right atrium of the heart. The catheter
was usually inserted through the jugular vein, requiring sacrifice of the vein
or one of its major tributaries. In some cases, it was even placed directly in
the atrium by an operation through the chest.

With time and experience, a number of complications related to the
placement of CSF shunt catheters within the vascular system were identi-
fied. When such catheters stopped working, the revision operation could be
quite challenging (7). In 1968, a study concluded that the relative position
of the catheter in the superior vena cava was critical to its continued func-
tion: the rate of malfunction rose rapidly as the catheter rose from the level
of the sixth to the fourth thoracic vertebra as visualized on a chest x-ray.
Routine revisions were recommended to prevent such malfunctions (8).
Although this observation identified that shunt failure was common in
infants in the first 36 months after placement, it took the authors 11 years
to accumulate and publish that experience. Another method for predicting
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the need for elective lengthening of the atrial catheter was reported in 1976
(9). Other sites for the distal catheter were explored, before and after the
introduction of the Holter valve, including the mastoid (10), sagittal sinus
(11), gall bladder (12), and pleural (13) and peritoneal (14) cavities. Be-
cause of the ease of revision and less serious cardiovascular and infectious
complications of the ventriculo-peritoneal shunt, it became the most popu-
lar site for catheter implantation to date, with atrial and pleural shunts a
distant second and third in frequency of utilization (15).

Complications Drive the Development of the Modern CSF Shunt

The most common problems with valve-regulated shunts are obstruc-
tion and infection (16), (17), (18). The youngest patients seem at highest
risk of shunt failure (19), (20). Obstruction may occur in any part of the
system (ventricular catheter, valve, or distal catheter) (2), but the most
common site is the ventricular catheter. Figure E.5 shows an endoscopic
view of a ventricular catheter partially covered in fibrinous debris. Strands
of debris can be seen to be gradually occluding one of the holes of this
ventricular catheter. Gradual occlusion of the ventricular catheter by simi-
lar tissue is thought to be the most common cause of VP shunt malfunction.
Other causes of malfunction include discontinuity of the system (disconnec-

FIGURE E.5 Endoscopic view of a ventricular catheter partially covered in fibri-
nous debris. (Courtesy of Jeffrey P. Blount, M.D.)
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tion or fracture of tubing), migration of the system (often, but not always,
associated with disconnection or fracture), perforation of an organ at the
site of the distal catheter, or development of a cyst around the end of the
distal catheter (particularly related to shunts with distal catheters in the
peritoneum).

To decrease the number of shunt obstructions, a number of technical
innovations focused on the ventricular catheter. It is hypothesized that
ingrowth of choroid plexus tissue into the small proximal holes of the
ventricular catheter was the mechanism by which ventricular catheter ob-
struction occurs. Consequently, several catheters were developed that at-
tempted to prevent ingrowth of choroid plexus. The most popular was the
flanged catheter that featured soft silastic flanges at the most distal end of
the ventricular catheter. In theory, the flanges were to keep choroid away
from the holes in the ventricular catheter. Unfortunately, in clinical practice
they were found to be optimal sites for choroid plexus adherence. This
adherence made necessary shunt revisions difficult. The flanges increased
the surface area of the device, which, in turn, increased the frequency of
intraventricular hemorrhage from avulsion of the choroid plexus.

The number and size of the holes in the proximal part of the ventricular
catheter have also been modified in an ongoing effort to reduce the rate of
ventricular catheter failure. No significant improvement in overall ventricu-
lar catheter longevity has been realized despite differences in size, number,
and positioning of holes in the proximal catheter.

Another recent technical innovation involving the ventricular catheter
is the impregnation of the catheter with antimicrobial agents. This is dis-
cussed further in the section on shunt infection.

Valve design has similarly undergone extensive, continuous technical
revisions and innovations. The earliest prototype of the Holter valve fea-
tured two rubber condoms with slits at either end of a piece of tubing.
Other early valves featured simple differential pressure mechanisms that
allowed flow when pressure in the proximal part of the shunt reached a
given value. These valves prevented continuous drainage but did little to
prevent siphoning or over-drainage. To improve valve function, the valve
was moved to the distal end of the shunt. The distal slit valve included a
tiny slit in the distal end of the peritoneal catheter, which provided suffi-
cient resistance to CSF outflow to function meaningfully as a valve. The
Raimondi distal spring valve (a peritoneal valve) was less successful. This
valve featured a spring-like device in the distal end of the peritoneal cath-
eter that functioned to resist CSF outflow. Unfortunately, the spring pro-
vided sufficient rigidity that hollow viscus perforation was a frequent and
serious problem. Concern over this event led a small group of pediatric
neurosurgeons to take the unprecedented step of writing to the FDA in
1978 to petition for the removal of the device. As a result of this action and
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word-of-mouth dissemination of the knowledge of bowel perforation com-
plications, the distal spring valve fell quickly out of use.

Advances in the understanding of CSF physiology fostered technologic
advances in valve design in the 1980s and early 1990s. Prior to this, all
shunt valves functioned through differential pressure. The next sequence of
valve design added flow control to differential pressure. Several valves were
marketed that incorporated these concepts (e.g., Orbis-Sigma 1, Delta
valve).

Another recent innovation in shunt valve design was the introduction
of valves that can be externally adjusted to change the pressure setting
of the valve, allowing the performance characteristics of the valve to be
changed without requiring surgical replacement (21). These valves were
used to treat some forms of slit ventricle syndrome, to allow for changes in
normal intracranial pressure with growth from infancy to adolescence, and
to prevent subdural hemorrhage consequent to shunt over-drainage. Over-
all effectiveness for each indication remains to be definitively demonstrated.

The shunt design, marketing, and pediatric neurosurgery communities
hoped that such advancements, based on improved understanding of CSF
physiology, would predictably result in real and demonstrable improve-
ments in shunt longevity (22). Unfortunately, as documented in the multi-
centered prospective shunt design trial, these aspirations were not realized,
and rates of shunt failure remained relatively unchanged (23), (24).

Infection

Infectious complications have plagued shunts since they first were im-
planted (25), (26), (27), (28). Infection is an important problem for two
main reasons. First, shunt infections are associated with significant morbid-
ity, mortality, and expense. Second, shunt infections are largely iatrogenic
events that have proven markedly resistant to extensive efforts aimed at
reducing or eliminating them (26), (28), (30), (31). Shunt infection may
result in ventriculitis, which is similar to meningitis except that it is centered
within the ventricles of the brain rather than diffusely throughout the sub-
arachnoid space. The infection itself may injure the brain and result in
developmental delay, direct neurologic deficits, or seizures. The patient’s
immune response to the infection may be similarly damaging to the brain
and worsen the injury and resulting deficit. The infection may cause ob-
struction of the shunt with secondary elevation of intracranial pressure and
risk for cerebral herniation. If undetected, shunt infections may progress to
severe neurologic injury or death (32), (33).

Treatment is invasive and expensive. Infection occurs at a rate of 7-10
percent of operations (34). Surgical shunt removal with implantation of a
temporary drain and intravenous antibiotics are the cornerstone of care
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(35). Once the infection is cleared, a second operation is needed to insert a
new shunt. A recent estimate suggested that treatment of an individual
shunt infection costs in excess of $50,000 (36). Overall risks of shunt
failure and infection correlate with clinical experience of the institution
where implantation is performed (37). In-hospital mortality varies by sur-
geon and hospital experience, ranging from 0.1 percent to 0.8 percent of
hospital admissions (38).

The most common microorganisms to cause shunt infections are
Staphylococci from the skin. Other cutaneous bacteria are frequently impli-
cated, and enteral organisms (from the gut) may rarely be implicated. The
preponderance of cutaneous organisms is strongly suggestive that the criti-
cal event in the pathophysiology of shunt infections is inoculation of the
shunt with skin bacteria at the time of shunt insertion. A wide variety of
interventions have been proposed to reduce the risk of shunt infection. The
only intervention that has been proven to reduce the rate of infection is the
provision of intravenous antibiotics prior to the initiation of shunt surgery
(39). Clinical studies also indicate that a dedicated program toward reduc-
ing shunt infection often results in reductions of shunt infection rate. In
poorly controlled, retrospective reviews, individual centers have reported
utilization of protocols that resulted in lower shunt infection rates. How-
ever, no single technique or procedure has significantly reduced infection
rates across time and multiple clinical centers (40), (41), (42). The number
of properly controlled, prospective trials is very limited (43).

The manifestation of the shunt infection is dependent upon the ana-
tomic location of the shunt. Early CSF shunt systems employed the atrium
for the distal catheter placement. As such, blood and heart valve infections
were frequent. Many of these infections were not easy to diagnose. In fact,
catheters can be colonized by staphylococcus aureus without causing overt
infectious signs in the shunted child. However, chronic exposure to the
organism could lead to immune-complex glomerulonephritis (an inflamma-
tory kidney disease) that might result in kidney failure (44). This condition
is called “shunt nephritis” (45), (46). Shunt infection investigators were
intrigued by shunt nephritis through the 1970s, but as the peritoneal shunt
became more popular, other issues in shunt infection dominated publica-
tions (Figure E.6).

One of the principal advantages in utilizing the peritoneum for distal
catheter placement is the relatively minor damage imparted by a shunt
infection (47), (48), (49). The peritoneum has a well-recognized capability
to seal-off/wall-off localized infections. Continued CSF accumulation within
the loculated peritoneum can result in a localized collection of infected CSF
called a pseudocyst (50). The severity of infection-related complications is
significantly less for peritoneal shunts, and the recognition of this and the
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gradual increase in the number of peritoneal shunts represents a successful
hallmark in the history of CSF shunts.

The focus on infection and the inability to eliminate it as an important
complication have led recently to the introduction of shunt components,
such as ventricular and distal catheters, impregnated with antibiotics (51).
Several prototypes are currently available and preliminary reports suggest
their potential effectiveness (52).

Other Complications

A host of other complications has been described. All have important
implications for shunted patients and the health care system. Because the
shunt is an implant, its repair requires an operation. Virtually all infections
require that the infected shunt be removed and replaced. Obstruction, dis-
connections, fractures, and migrations all require surgical correction. Or-
gan perforation may require shunt repair or replacement in addition to
surgical intervention. Hemorrhage can sometimes cause additional brain
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damage. The spread of a brain tumor outside of the central nervous system
through a shunt can seriously complicate the treatment of the tumor. Heart,
lung, and kidney failure, which can result from shunt infection or malfunc-
tion, can be life-threatening.

Reports of Complications

To examine the identification and attempts to devise ways of treating
and preventing complications, we performed a search of the MEDLINE
and OLDMEDLINE databases with the following strategy:

1 Exp HYDROCEPHALUS/co and exp HYDROCEPHALUS/su 560
[Complications, Surgery]

2 exp Cerebrospinal Fluid Shunts/ae, mo 1,713
[Adverse Effects, Mortality]
3 lor2 2,184

The 2,184 articles identified were then screened by title and abstract
(where necessary) to identify those that dealt directly with complications of
CSF shunts. A category of “general” was identified for comprehensive re-
views of CSF shunts that might contain discussions of complications. This
category of publication was used primarily in the early days of shunt experi-
ence. Only 13 of the 128 articles in this category were published after 1976.

The articles discussing complications were grouped according to type
of complication. The large category of “malfunction” includes general stud-
ies of malfunction and specific studies of occlusion, disconnection (includ-
ing fracture of the catheter), migration (of a portion of the system away
from its site of implantation), and perforation of an organ by the distal
catheter of the shunt system.

The large category of infection includes general studies of shunt mal-
function and specific studies of shunt nephritis, infected abdominal cysts, or
peritonitis.

Other identifiable categories of complication include uninfected ab-
dominal cysts, intracranial hemorrhage caused by the shunt, tumor me-
tastases through the shunt, pneumocephalus (symptomatic air in the head
related to the shunt), slit ventricles (ventricles that become smaller
than normal after shunting and are associated with symptoms), cardio-
pulmonary (including heart failure, pulmonary embolism, lung dysfunc-
tion, or catheters that perforate the heart or become loose in the vascular
system), and death. Articles describing other complications or studying
multiple types of complications were classified as “miscellaneous.” Table
E.1 shows the distribution of the 1,272 articles. (The entire reference list is
available upon request.)
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TABLE E.1 Articles on Shunt Complications by Type of Complication

Complication Articles
# %
Malfunction 179 14.1
Occlusion 59 4.6
Disconnection 16 1.3
Migration 29 2.3
Organ perforation 75 5.9
Infection 388 30.5
Infection 293 23.0
Abdominal: cyst or peritonitis 7 0.6
Shunt nephritis 88 6.9
Abdominal Cyst (no infection) 43 3.4
Hemorrhage 55 4.3
Abdominal metastasis 54 4.3
Pneumocephalus 28 2.3
Slit ventricles 33 2.6
Cardio-pulmonary 68 5.3
Mortality 12 0.9
Miscellaneous 412 32.4
Total 1,272

The relative frequency of publication of types of complication by year
is shown in Figure E.7. The early dominance of cardio-pulmonary complica-
tion reports is replaced by dominance of infection reports after 1976 and
is explained by the evolving predominance of ventriculo-peritoneal shunts.
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FIGURE E.7 Literature reports of shunt complications.
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A cursory review indicates that CSF shunts have many different serious com-
plications, including death, which may result from unrecognized or untreated
malfunction and infection as well as a host of less common situations.

Issues of Growth and Active Lifestyle

Three specific issues related to growth and lifestyle has been overtly
addressed by shunt investigators. The first is the need to revise atrial cath-
eters placed in young children, discussed above. The second is the develop-
ment of a strategy to avoid revision of peritoneal catheters because of
growth. The third is the fracture of catheters under the skin as they cross
from the neck to the chest.

Early in the experience with peritoneal catheters, some were concerned
that excessive catheter length might be problematic (perhaps wrapping
around the bowel and leading to bowel obstruction or causing discomfort
because of amount of foreign material) and used catheters just long enough
to enter the peritoneal cavity at the time of placement. Children could
outgrow these catheters, requiring surgical revision to lengthen the perito-
neal end. A catheter that would expand with growth was reported in 1975,
but did not achieve widespread acceptance (53). Another theory suggested
that a specific, optimal length of catheter could be determined for each
patient, avoiding a presumed problem related to excessive catheter length
(54). This approach likewise failed to achieve currency. A number of re-
ports have suggested ways to add length to existing catheters (55), (56),
(57). Over time, it became common practice to insert catheters long enough
to allow for growth through maturity and to avoid elective operations that
lengthened the tubing. Recently, this practice has been validated in the
published literature (58). Because of the content and nature of the FDA
reporting process, these problems are not identified in the formal post-
market surveillance process.

Finally, the issue of fractures of the distal catheter in the neck has been
investigated (59), (60), (61). Although it has not been possible to defini-
tively prove that these fractures are related to activity, this is hypothesized
to be an important factor because of the consistent location of the fractures.

THE PERIOD OF REGULATION

Regulation Prior to Marketing

In 1976, amendments to the Federal Food, Drug, and Cosmetic Act
gave the FDA its first real authority to regulate medical devices. Devices
were placed in three classes. Class I devices “present minimal potential for
harm to the user” and are the subject of the least regulatory control. Class I
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devices “are those for which general controls alone are insufficient to assure
safety and effectiveness, and existing methods are available to provide such
assurances.” These devices are subject to special controls, such as special
labeling or performance standards. For a Class II device that is used in
supporting or sustaining human life, FDA must identify special controls
that will provide adequate assurance of safety and effectiveness. Class III
devices “are usually those that support or sustain human life, are of sub-
stantial importance in preventing impairment of human health, or which
present a potential, unreasonable risk of illness or injury” Class III devices
are subject to the most stringent regulation (62).

Although CSF shunts are necessary to sustain life in many patients with
hydrocephalus and their failure can lead to death unless properly detected
and treated, CSF shunt systems have been classified as Class II in the Code
of Federal Regulations (21 CFR 882.5550) (63). In 1999, the Systemic
Technology Assessment of Medical Products (STAMP) Conference (spon-
sored by the FDA) investigated the topic of CFS shunt technology. The
introduction to the subsequent report indicates that the decision to classify
shunts as Class II medical devices was “based upon the belief that standards
could be written to assure the safety and effectiveness of marketed shunts,
and that clinical experience had proven shunts to be reasonably safe and
effective” (64).

The rationale expressed in the initial classification is similar to the
rationale described above and, in addition, states that the panel responsible
for the classification believed that “the characteristics of central nervous
system fluid shunts and their components are reasonably well established.”
It further stated that “the complications associated with these devices have
been extensively reported in the literature,” and it acknowledged a mortal-
ity rate in patients treated with shunts of 5-35 percent. The panel noted
that the device was primarily used in children. The Commissioner of FDA
further commented that he doubted “that requirement [sic] premarket ap-
proval of these devices will improve the complication rate associated with
their use” (43 FR 55714-55716, 1978).

Class II devices do not generally require “premarket approval” (PMA),
but premarketing notification (510[k] notification) must be submitted to
and cleared by FDA. This gives FDA the opportunity to assure that general
controls and specific controls for the device are met. In FDA terminology,
these devices receive clearance rather than approval. Applicants for clear-
ance usually must show that the devices meet technical standards for
biocompatibility, function, and reliability through bench testing. They must
also demonstrate the device to be “substantially equivalent” to a device that
was either marketed before May 28, 1976, or has been shown (through the
notification or clearance process) to be substantially equivalent to such a
device. Current, relevant technical standards are embodied in the Interna-
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tional Organization for Standardization (ISO 7197:1997) and American
Society for Testing and Materials (ASTM F647-94[2000]) documents.
The FDA maintains a public, searchable database of releasable deci-
sions on 510(k) applications cleared after January 1999 (65). Table E.2
includes 26 codes that the FDA may use to describe its determinations
about whether a device meets the criterion of substantial equivalence. The
actual, online database, however, only includes decisions for devices that
are found to be substantially equivalent. Those familiar with FDA confi-
dentiality, trade secret, and privacy regulations might expect this, given the
prominent use of “releasable” in the description of the database. Less ex-
pert users of the database might, however, expect to find negative decisions,

TABLE E.2 Codes for Determination of Substantial Equivalence by FDA
for 510(k) Notifications

Code Description

Determination of Substantial Equivalence listed in 510(k) database

AN Approved Evaluation of Automatic Class III Designation

ST Substantially Equivalent — Subject to Tracking Regulations

PT Substantially Equivalent — Subject to Tracking and Postmarket
Surveillance

SF Substantially Equivalent — Waiting on Future Policies

SS Substantially Equivalent — Special Labeling

SE Substantially Equivalent

SA Substantially Equivalent — Awaiting Device Approval

SW Substantially Equivalent — Awaiting Drug Approval

CS Substantially Equivalent — CLIA Submission

SK Substantially Equivalent — Kit

KD Substantially Equivalent — Kit with Drugs

SI Substantially Equivalent — Market after Inspection

Sp Substantially Equivalent — Postmarket Surveillance

PR Substantially Equivalent — Proposed Recision

SU Substantially Equivalent — with Limitations

SN Substantially Equivalent — for Some Indications

SD Substantially Equivalent — with Drug

Determination of Non-Substantial Equivalence listed in FDA decision codes

FB Subject to 515(b) — Requires PMA

NE Not Substantially Equivalent

SC Not Substantially Equivalent — Cannot Market

SL Not Substantially Equivalent — Improper Label

RE Rescind Substantial Equivalence

UD Unable to Determine Equivalence

Uuo Unable to Determine Equivalence — Outstanding Drug Issue
UR Not Substantially Equivalent — Unreliable Data

OD Unable to Determine Equivalence — Outstanding Device Issue

SOURCE: (65), (66).
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especially because the documentation for the database defines nine codes
for various kinds of negative decisions.

A search of the 510(k) database through January 2005 (65) produced
166 records for code JXG (shunts, central nervous system), 8 records for
HCA (catheter, ventricular), and 1 record for NHC (catheter, ventricular
[containing antibiotic or antimicrobial agents]). HCD (cannula, ventricu-
lar) and GYK (instrument, shunt system implantation) were not included in
further searches as these devices are not permanently implanted shunts. All
175 devices were cleared as substantially equivalent (SE). According to this
database, the FDA has never required postmarket surveillance, tracking,
special labeling, or placed limitations beyond those proposed by the manu-
facturer for CSF shunts.

The search also identified a valve system that is electromagnetically
adjustable to 17 different pressure settings (67). All previously marketed
shunts operated at a single, predetermined pressure. These pressure settings
are susceptible to alteration by strong magnetic fields, such as magnetic
resonance imaging scanners. Although not required by the FDA, this sub-
mission included a randomized clinical trial, comparing the programmable
shunt to its non-programmable predecessor (21). To date, the FDA has not
required a premarket approval application for any CSF shunt.

Based in part on the descriptions provided above, it is clear that the
CSF shunt is considered to be a mature device from a regulatory point of
view. Despite its use to “support or sustain human life” and its “substantial
importance in preventing impairment of human health,” FDA does not
require the intense scrutiny applied to Class III life-saving devices intro-
duced into clinical practice after 1976. One must ask if this is a reasonable
conclusion or if this conclusion is based on short-term effectiveness without
sufficient consideration of long-term effectiveness and complications.

Postmarketing Surveillance

In 1999, the FDA convened the previously mentioned STAMP confer-
ence, “Shunt Technology: Challenges and Emerging Directions.” The con-
ference reviewed “families of closely related medical devices having broad
use and most often, several years of marketing experience, as well as, a
significant potential for adverse events.” In presentations, patient advo-
cates, industry representatives, and physicians familiar with cerebrospinal
fluid shunts and the associated complications stressed continuing difficulty
with problems of shunt function and infection. The report states that “over
60% of shunt patients manifest some type of shunt complication over their
lifetime such as shunt obstruction, over-drainage, infection, device migra-
tion, disconnection and fracture.” The report summary mentions the pos-
sible development of patient information cards and online databases that
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would allow more comprehensive collection of information on shunt com-
plications using standard definitions, but makes no specific recommenda-
tions (64).

It is clear that the approved CSF shunt devices continue to have impor-
tant problems with both function and infection. The existing system for
monitoring these devices for problems should be examined for effectiveness
both in identifying problems and in prompting corrective action.

The 1976 Medical Device Amendments granted FDA authority to issue
regulations requiring adverse event reporting for marketed medical devices.
FDA issued these medical device reporting regulations in 1984. A medical
device reportable event as defined by the statute means:

(1) An event about which user facilities become aware of information that
reasonably suggests that a device has or may have caused or contributed
to a death or serious injury; or (2) An event about which manufacturers
or importers have received or become aware of information that reason-
ably suggests that one of their marketed devices:

(i) May have caused or contributed to a death or serious injury; or

(ii) Has malfunctioned and that the device or a similar device marketed by
the manufacturer or importer would be likely to cause or contribute to a
death or serious injury if the malfunction were to recur. (21 CFR 803.3)

Subsequent adverse event reports were collected in the Medical Device
Reports (MDR) database. To strengthen the reporting system, Congress
enacted the Safe Medical Devices Act of 1990 (SMDA), which established
requirements for reporting by device manufacturers, distributors, and user
facilities. The FDA established a new database, Manufacturer and User
Facility Device Experience (MAUDE), and began the transition from the
MDR database in 1992. Since August 1996, MAUDE has been the exclu-
sive adverse event report database.

In 1990, Congress also enacted separate regulatory authority for post-
market surveillance. The FDA website provides the following statement
regarding the purpose of postmarket surveillance (68).

The primary objective of postmarket surveillance is to study the per-
formance of the device after marketing as it is to be used in the general
population for which it is intended. Generally, the primary variables to be
studied are morbidity or mortality. The major interest lies in device failure
and its attendant impact on the patient.

Postmarket surveillance is considered a warning system for the early
detection of potential problems within a reasonable time of their first
marketing. The intent of the regulation is to:

¢ Identify problems
® Provide safety warnings
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® Provide information not available from the medical device report-
ing regulation
® Provide actual use of safety and effectiveness information.

ECRI (formerly the Emergency Care Research Institute), a not-for-
profit health services research agency, maintains a version of the MDR and
MAUDE databases with additional search capabilities. Both versions of the
databases were used for this report. Searches were performed in December
2004. The strategy summarized in Table E.3 was used to search the MDR
database.

This search produced 1,762 reports relevant to CSF shunts submitted
to the MDR database from 1978 through 1996. Because of misclassi-
fications leading to the inclusion of non-shunt devices and overlapping
product codes that include CSF devices that are not implanted shunts (e.g.,
external ventricular drains, CSF shunt programmers, and devices for pass-
ing shunt catheters subcutaneously), the records were reviewed by the au-
thor (SJH) to identify misclassifications and reports not related to im-
planted CSF shunts. The final result was 1,555 reports regarding implanted
CSF shunts.

The MAUDE database was searched in June 2004 with the strategy
((((“CEREBROSPINAL FLUID” OR CSF OR VP OR V-P OR VA OR
VENTR* OR HYDROCEPH* OR CNS OR CENTRAL) AND SHUNT)
OR (“NEURO VALVE” OR PUDENZ OR “SHUNT KIT” OR “POSTE-
RIOR FOSSA” OR OSV OR DELTA)))). This produced 2,985 records of
reports submitted from 1992 through 2004. These were reviewed for accu-
racy and a number of misclassifications by FDA product code were identi-
fied. Thirty-four were clearly shunts misclassified as another device (Table
E.4). Others were non-shunt devices misclassified with a shunt code. Clean-
ing of the list resulted in 2,298 records of reports to the MAUDE database
regarding problems with CSF shunts. An amended search in December
2004 increased the number of reports to 2,472.

Classification of Complications

In Part 2, we presented a classification of complications based on re-
view of the literature. Both the MDR and MAUDE reports list reporter-
classified outcomes as: death, serious injury, malfunction, or other. Because
the MDR database could only be obtained in a text file, the “EFFECT
TYPE” was identified by text searching the 1,762 reports that were identi-
fied in line S9 of the search strategy in Table E.3. All effect types other than
“DEATH,” “SERIOUS INJURY,” or “MALFUNCTION” are grouped as
“OTHER.” The MAUDE database was available in spreadsheet for-
mat allowing a more detailed search. The responses “OTHER,” “NO

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11313.html

370

SAFE MEDICAL DEVICES FOR CHILDREN

TABLE E.3 Search Strategy (MDR Reports) for Adverse Events for CSF

Shunts

Step Items Description (use 4 digit years)

S1 56,618 SF=(AI OR ABS)

S2 1,508 SO=(HEALTH()DEVICES?)

S3 657 PC=(16-244?)

S4 486 S3 NOT S1

S5 826 PC=(10-704? OR 16-151? OR 10-769? OR 15-588? OR
16-244? OR 17-0902? 04 17-734?)

S6 589 S5 NOT S1

S7 1,709 FP=(JXG? OR GYK? OR HCD? OR HCA?)

S8 1,709 S7 NOT S1

S9 1,762 S7 OR Sé6

S10 111 S9 AND (OCCLU? OR BLOCK? OR OBSTRUCT?*)

S11 77 S9 AND (DISCONNECT? OR FRACTUR?)

S12 6 S9 AND MIGRAT?

S13 7 S9 AND (PERFORAT? OR EXTRU? OR PENETRAT?)

S14 49 S9 AND (INFECT? OR VENTRICULITIS? OR MENINGITIS?)

S15 1 S9 AND (PERITONITIS? OR PSEUDOCYST? OR PSEUDO
(IN) CYST?)

S16 0 S9 AND CYST (3N) ABDOM?

S17 0 S9 AND CYST AND PERITON?

S18 0 S9 AND (NEPHRITIS OR GLOMERULONEPHRITIS)

S19 49 S9 AND (HEMORRHAG? OR HAEMORRHAG? OR
HEMATOMA? OR HAEMATOMA? OR BLEED?)

S20 0 S9 AND METASTAS?

S21 1 S9 AND TUMOR? AND (ABDOM? OR PERITON?)

S22 22 S9 AND (AIR OR PNEUMOCEPHALUS)

S23 424 S§9 AND (SLIT OR INTRACRANIAL()HYPOTENSION OR
LOW()PRESSURE) OR OVERDRAIN? OR OVER()DRAIN?)

S24 30 S9 AND (HEART CARDIAC OR ATRI? OR SUPERIOR()
VENA()CAVA OR SUPERIOR()VENACAVA OR
ENDOCARDITIS OR VEGETATION)

S25 15 S9 AND ET=DEATH

S26 9 S9 AND DIED

S27 16 §25 OR S26

S28 388 §23 NOT (S10 OR S11 OR S12 OR S13 OR S14 OR S15 OR
S19 OR S21 OR S22)

S29 295 (S10 OR S11 OR S12 OR S13 OR S14 OR S15 OR S19 OR
§21 OR S22)NOT S28

S30 0 §29 AND (HAIR OR FAIR)

S31 24 S11 AND (HEART OR CARDIAC OR ATRI? OR
SUPERIOR()VENA()CAVA OR SUPERIOR()VENACAVA OR
ENDOCARDITIS OR VEGETATION)

S32 11 S11 AND ET=DEATH

S33 7 S11 AND DIED

S34 12 12 S32 OR S33

S35 0 S11 AND (BRAIN()DEATH OR BRAINDEATH OR
BRAIN()DEAD OR BRAINDEAD)

S36 442 S11 AND (SLIT? OR INTRACRANIAL()HYPOTENSION OR
LOW()PRESSURE OR OVERDRAIN? OR OVER()DRAIN?)

S37 36 S11 AND S19 OR S20 OR S21 OR S22 OR S23
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TABLE E.4 CSF Shunt Reports in the MAUDE Database Misclassified as

a Non-Shunt Device

Listed FDA Product Code Actual Product  Report #
<blank> Shunt catheter 36
Shunt catheter 5,787
VP shunt 9,189
VP shunt 9,200
VP shunt 9,201
VP shunt 19,227
VP shunt 20,112
KPM (peritoneo-venous shunt) VP shunt 941
VP shunt 16,815
FIQ (cannula, A-V shunt) Shunt catheter 2,336
CAR (monitor, spinal fluid pressure, electrically Shunt catheter 5,860
powered)
LID (not currently listed, “ventriculo-amniotic” VP shunt 9,511
in database) VP shunt 15,964
VP shunt 16,748
LXL (not currently listed, “valve-shunt-fluid” VP shunt 25,331
in database)
VP shunt 28,084
VP shunt 507,413
MA] (catheter, percutaneous, intraspinal, short-term) VP shunt 65,062
HCA (catheter, ventricular) VP shunt 105,654
VP shunt 174,723
VP shunt 206,462
VP shunt 210,976
VP shunt 228,231
VP shunt 238,155
VP shunt 394,625
VP shunt 437,978
VP shunt 446,166
GBW (catheter, peritoneal; General and Plastic Surgery) ~ VP shunt 206,467
VP shunt 220,542
VP shunt 241,343
VP shunt 241,350
VP shunt 385,607
GWB (antisera, fluorescent, all types, streptococcus VP shunt 501,635
pneumoniae) (probable typographical error)
JQG (radiometric, F259, iron-binding capacity) VP shunt 501,622
VP shunt 501,934

ANSWER PROVIDED,” and blank fields were grouped as “OTHER.” The

shunt reports classify as follows (Table E.5).

In the MDR database, the refined text search for “MORTALITY”
(Table E.3, line S34 and 35) produced 12 reports suggesting shunt-related
death. Of the 12 reports identified, 2 were of non-shunt devices misclassified

as shunts leaving 10 shunt-related deaths.
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TABLE E.5 Outcome as Reported for CSF Shunt Events in MDR and
MAUDE Databases

MDR MAUDE
Outcome Number Percent Reported number Percent
Death 15 0.9 8 0.3
Serious Injury 810 46.0 1,364 55.2
Malfunction 870 49.4 572 23.1
Other 67 3.8 528 21.4
Total 1,762 2,472

In the MAUDE database, eight official reports listed outcome as
“DEATH.” The report narratives were examined in detail by the author.
Four reports were found to state that the patient had died. In one instance,
the reporter determined that the death was unrelated to the shunt. One
report was the result of the filing of a malpractice suit alleging death related
to the shunt. The other two patients died within 2 weeks of shunt operation
and, therefore, would ordinarily be considered to have device-related mor-
tality. Thus, of the eight official “DEATH” outcomes, six appeared to be
definitely shunt related, one (the malpractice allegation) was possibly shunt
related, and one was unrelated.

The report narratives were then text-searched for “DEATH” or “MOR-
TALITY.” Where death was mentioned but no details were available, the
death was considered shunt related. When all reports indicating patient
death, either in the outcome section of the official report or as a result of the
text search, were adjudicated by the author, there were 11 deaths related to
shunt complications. This includes any death within 30 days of shunt op-
eration and excludes one patient who died 5 months postoperatively from
an intracerebral hemorrhage.

This analysis of the reporting of shunt-related death suggests that both
the outcome section of the reports and the automated text search of the
entire narrative file result in overlapping and incomplete ascertainment of
specific problems.

Because there were simply too many reports for individual review, and
accepting the likely inaccuracies suggested by the detailed review of report-
ing of “DEATH,” the computerized text searching of the MDR and
MAUDE databases using the strategies described above was used to classify
the reported complications using the classification scheme presented in Part 2.
The MAUDE search done for Table E.6 utilized the strategy listed above,
but used a different text searching program that was part of the preparation
of data for the disproportionality analysis reported below, resulting in
minor differences in identified mortality reports. The definition of “MAL-
FUNCTION? in the “EFFECT TYPE” reporting analyzed above is differ-
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TABLE E.6 Classification of Complications in the MDR and MAUDE
Databases and Published Literature

MDR MAUDE Literature
Complication # % # % # %
Malfunction 201 12.9 526 21.3 179 14.1
Occlusion 111 7.1 380 15.4 59 4.6
Disconnection 77 5.0 125 5.1 16 1.3
Migration 6 04 11 04 29 23
Organ perforation 7 05 10 0.4 75 5.9
Infection 36 23 75 3.0 388 30.5
infection 36 23 72 2.9 293 23.0
Abdominal: cyst
or peritonitis 0 0 3 041 7 0.6
Shunt nephritis 0 0 0 0 88 6.9
Abdominal Cyst  (no infection) 0 0 0 0 43 34
Hemorrhage 29 1.9 54 22 55 43
Abdominal metastasis 0 0 4 0.1 54 42
Pneumocephalus 9 0.6 6 02 28 2.2
Slit ventricles 442 28.4 109 4.4 33 2.6
Cardio-pulmonary 24 1.5 6 02 68 5.3
Mortality 12 0.8 5 02 12 0.9
Miscellaneous 802 51.6 1,687 68.2 412 32.4
Total 1,555 2,472 1,272

ent from the definition of “MALFUNCTION?” for the purposes of compli-
cation classification (some malfunctions would be called “SERIOUS INJU-
RIES” while some would not), thus explaining the differences in the totals
for “MALFUNCTION?” in the two tables. This classification follows:

ECRI also maintains a Health Devices Alerts Data Base, which collects
data, reports, and alerts “from a wide variety of national and international
patient safety organizations, ECRI product evaluations, member hospital
reports, and accident and forensic investigations, in addition to FDA En-
forcement Report data and manufacturer notices.” When searched with the
following strategy ((((“CEREBROSPINAL FLUID” OR CSF OR VP OR
V-P OR VA OR VENTR* OR HYDROCEPH* OR CNS OR CENTRAL)
AND SHUNT) OR (“NEURO VALVE” OR PUDENZ OR “SHUNT KIT”
OR “POSTERIOR FOSSA” OR OSV OR DELTA)))), there were 4 of 13
identified action items related to CSF shunts. A fifth was discovered seren-
dipitously. Of 345 abstracts in published literature, 202 referred to CSF
shunts. No alerts were identified.

ECRI defines action items as “reports of medical device problems,
hazards, and recalls that have been verified by ECRI with the device manu-
facturer/distributor. Each Action Item includes ECRD’s specific recommen-
dations and instructions to help those who have the affected product take
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the actions needed to prevent harm™ (69). The nine unrelated action items
involved devices such as knee prostheses, airways, and pacemakers that use
some of the terms in the search but are not CSF shunt devices. The five
action items involved risk of fracture of a right angle connector leading to a
recall of unimplanted connectors (from a batch of 4,600 units), debris in
metal connectors leading to a recall of 156 units, abnormally high operat-
ing pressure of valve leading to recall of all unimplanted units (number not
specified), mislabeled closing pressure on valves leading to recall of un-
implanted valves (from a total of 60,760 distributed), and the distribution
of ventricular catheters without holes in them. The two most recent actions
were in 1992 and 2004.

Data Mining Techniques

We applied disproportionality analysis techniques (see Appendix D) to
the shunt subset of the MAUDE database. Shunt complications in the data-
base were identified by searching the text of the narrative descriptions of
adverse events in the database (the details are given in Appendix D of the
main report). This analysis identified only two associations between spe-
cific manufacturers and adverse event reports. Table E.7 shows the results
of the analysis, identifying an excess of catheter disconnections associated
with products of Company A and an excess of catheter migration associ-
ated with products of Company B.

We could not identify any action such as a recall, safety alert, or publi-
cation possibly related to the migration events identified for Company B. In
the case of company A, concern was expressed in the literature regarding
fracture (included in our definition of disconnection) in papers published in
1992 and 1995 (60), (70), (71). These papers deal with predominantly
pediatric populations. A change in the formulation of the catheter was
made by the company in response to concerns about an excessive number
of catheter fractures. As the public data in the MDR and MAUDE data-
bases does not include the age of the patient, we could not determine if
children were overrepresented in the adverse event reports. No author has

TABLE E.7 Disproportionality Analysis of CSF Shunt Events in MAUDE
Database

N E RR EBGM Manufacturer Event
91 47.2 1.93 1.85 COMPANY A Disconnection
6 0.982 6.11 1.70 COMPANY B Migration

NOTE: N = number of events reported, E = number of events expected in the absence of
association, RR = raw relative risk estimate (N/E), EBGM (Empirical Bayes Geometric Mean)
is an adjusted relative risk estimate. For details see Appendix C.
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addressed the question of whether or not children are particularly suscep-
tible to such fractures because of their activity levels.

Summary

Complications of CSF shunts have been the subject of clinical investiga-
tion since the first effective valve-regulated shunt was introduced in the
1950s. Important modifications in shunt procedures and design have been
documented in the literature since that time. Since 1976, the FDA has
collected reports from manufacturers and user facilities regarding death,
serious injury, and malfunction related to CSF shunts. Analysis of these
reports compared to the reports in the literature suggests that infections of
CSF shunts have received much more attention in the literature than in the
reports and that the problem of slit ventricles received greater attention in
the MDR reporting system than in either the MAUDE system or the litera-
ture. The application of data mining techniques to the databases identified
only one problem disproportionately associated with one manufacturer.
There is suggestive evidence that this problem was also identified in the
literature.

CONCLUSIONS

The tone for regulation of CSF shunts was set when the decision was
made to classify them as Category II devices. This classification does not
require premarket approval, which routinely requires submission of data
from clinical studies. Viewed from today’s perspective, this classification
may seem unusually lax for a device that treats life-threatening conditions
and may have malfunctions associated with death or disability.

The contrast with the cochlear implant (see Appendix F) is instructive.
The first version of that device was approved through the premarket ap-
proval process in 1984 (P830069). Multiple design changes and adapta-
tions have been approved since that time. The device has a low failure rate
(between 0.8 percent and 0.3 percent per year), and the implantation infec-
tion rate is relatively low (1.6 and 4.1 percent in two recent reports) (72),
(73). Yet 15 reports of meningitis created sufficient concern to result in
studies that led to recall of one brand of implant. A subsequent study
identified 26 cases of meningitis in 4,264 children with cochlear implants.
This represents a substantial increase over the expected rate of meningitis,
but is far below the rate of 7 to 9 percent for CSF infections as seen with
CSF shunts (74). CSF shunts treat life-threatening disease, and their failure
is associated with life-threatening complications. Cochlear implants treat a
serious, but not life-threatening condition and rarely are associated with
life-threatening complications. Although the focus on meningitis associated
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with cochlear implants did not arise through the FDA device reporting
system, FDA attention to the problem did generate significant change in
available devices and management protocols to decrease the patient risk.
No similar effort has been directed toward CSF shunt-related infection.

As of June 2003, there were 171 CSF shunt-related premarket notifica-
tions in the FDA database, resulting in decisions affirming “substantial
equivalence.” These decisions have allowed manufacturers to introduce
many variations and modifications of the CSF shunt and its parts. For an
important medical device with a relatively small market, the 510(k) notifi-
cation approach may have been very effective and appropriate.

CSF shunts have been associated with very few manufacturing prob-
lems. The FDA has never recalled a shunt product. ECRI has issued only
five health device alerts involving probably only several hundred actually
distributed devices. The record suggests that the FDA’s mechanisms for
assuring sound manufacturing processes, biocompatibility, sterility, and
basic function have worked well to minimize mechanical malfunction, faulty
modifications in design, and errors in the manufacturing process.

There is good evidence of rational progress in the clinical history of
CSF shunting. Both technical (surgical) and technologic (device) advances
are real and persistent across the history of this undertaking. Technical
successes include the evolution toward peritoneal distal catheters, cessa-
tion of implantation of short catheters (that require elective lengthening),
and the realization that compulsive sterile technique is associated with
decreased infection rates. Technical disappointments include endoscopic
placement of ventricular catheters (75) and lack of clear superiority of
frontal versus occipital trajectories (76). Technologic successes include
the development of silastic, differential pressure valves, and pliant perito-
neal catheters. Technologic disappointments have included flanged cath-
eters, variations in ventricular catheter hole size, distal spring valves,
polyethylene shunts, and flow-regulated valves (insofar as no expected
decrease in obstruction rate was seen). Programmable valves and antimi-
crobial impregnation are recent developments for which no final conclu-
sion can currently be reached. All of these developments have occurred in
a relaxed federal regulatory environment.

However, shunts continue to have clinically significant, sometimes life-
threatening complications. As noted at the STAMP conference, over 60
percent of shunted patients will experience a complication, most of which
require surgical revision of the device. The rates of infection and malfunc-
tion have been stable for the past two decades, and there is no convincing
evidence that they vary by brand or type of device. In the setting of pre-
market notification rather than premarket approval, the burden of identify-
ing adverse events or complications for the purposes of assuring that safety
and effectiveness are maintained falls predominantly outside the premarket
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review system, with a small role for the formal postmarket surveillance
system.

That postmarket surveillance system does not appear to have resulted
in any important change in the safety or effectiveness of CSF shunts. De-
spite more than 4,000 reports of device problems, the majority of which
resulted in patient injury or, rarely, death, there have been only four recalls
identified. All were manufacturer initiated recalls related to manufacturing
or labeling issues. With the exception of infection, which has received far
greater attention in the published literature than in reports to the FDA, the
device problems reported to the FDA have reflected the type and distribu-
tion of the problems reported in the medical literature. As a result, one
could conclude that the time and effort involved in reporting and reviewing
those reports, at least as implemented, thus far, have not resulted in any
important change in the safety, effectiveness, or clinical use of CSF shunts.

The current structure of the adverse event reporting system makes it
difficult to search it for the details necessary to analyze specific complica-
tions. Frequently, the data necessary to classify the adverse event report in
a clinically useful manner is simply not present. Additionally, variation in
the understanding of types of events and errors in product classification
makes accurate analysis nearly impossible. However, it is clearly beyond
reasonable expectations or the resources of the FDA to impose reporting
rules that require adherence to carefully specified definitions, more detailed
information, and rigorous error checking.

The application of data mining techniques did identify one manufactur-
ing problem (excessive catheter fracture) that was contemporaneously iden-
tified in the medical literature.

These data raise several questions. One could argue that postmarket
surveillance, in its present form, offers no benefit and could ask if it should
be abandoned for these devices. Alternatively, the question remains whether
or not a strengthened monitoring effort that would allow the identification
of device-specific rates of infection and malfunction could result in further
progressive improvement in both malfunction and infection rates. Is it a
problem that the system monitors for serious device complications but does
not feed this information into a system designed to identify and implement
solutions to the problems? Has the system been lulled into inaction by
accepting as inevitable the relatively high rates of complications associated
with CSF shunts?

For the present, the burden of identifying problems associated with
CSF shunts and searching for solutions to those problems rests with the
informal system of clinical observation and research. While real gains have
been made and the life of a hydrocephalic child is markedly different than a
generation ago, there is clearly much more to learn. Recent flow-controlled
valves more closely emulate best available concepts of CSF physiology, but
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have failed to reduce rates of obstruction. This failure has heightened col-
lective awareness concerning our incomplete understanding of CSF physiol-
ogy and the pathophysiology of hydrocephalus. The question of whether or
not a higher level of FDA regulation and more intense focus on the CSF
shunt would have resulted in a shunt with lower risk of infection and
malfunction cannot be answered from this retrospective look at the prob-
lem. It is, however, an important question worthy of further exploration.
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