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R E V I E W A R T I C L E

Can We Prevent Cochlear Implant Recipients
from Developing Pneumococcal Meningitis?
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The restoration of hearing to persons with severely or profoundly impaired hearing by means of a cochlear

implant is one of the great achievements of bionics applied to medicine. However, pneumococcal meningitis

in implant recipients has received high profile public attention as a result of the US Food and Drug Admin-

istration’s public health notification and recent media attention. Worldwide, 118 of the 60,000 people who

received cochlear implants over the past 20 years have acquired meningitis, causing deep concern in the

international medical community. This review provides answers to pediatricians, internists, and infectious

diseases doctors who have patients with cochlear implants and who have questions about the safety of the

cochlear implant from both the clinical and scientific research perspectives. Both clinical and laboratory

research support the notion that pneumococcal meningitis is more likely in patients who receive cochlear

implantation, and that the surgical insertion technique and the cochlear implant design should be nontrau-

matic, and that all cochlear implant recipients should be offered vaccination against Streptococcus pneumoniae.

A cochlear implant is a device for providing hearing

sensations and speech understanding in severely-to-pro-

foundly deaf individuals who receive little or no benefit

from a conventional hearing aid. Hearing is achieved by

direct electrical stimulation of the auditory nerve, with

an electrode array implanted in proximity to the auditory

nerve in the inner ear (cochlea). The procedure has had

a very good safety record, but in 2002, there were nu-

merous reports of meningitis among people with coch-

lear implants, including a number of deaths worldwide

[1]. This review describes the most recent development

by examining the scientific literature, which provides in-

sights into fundamental questions concerning the patho-

physiology of pneumococcal meningitis, as well as a

method for minimizing the risk in clinical practice.
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MENINGITIS AFTER COCHLEAR
IMPLANTATION

Ninety-one cases of postimplantation meningitis, in-

cluding a total of 17 deaths, were reported to the US

Food and Drug Administration (FDA) in 2002 [1]. By

September 2003, the total number of reported cases

worldwide had increased to 118 (55 cases in the United

States and 63 cases from other parts of the world) [1].

The age of patients with cochlear implant–related men-

ingitis ranged from 13 months to 81 years. The onset

of meningitis ranged from !24 h to 16 years after

implantation.

The most common organism identified was Strep-

tococcus pneumoniae [1, 2], and the cases of meningitis

were attributed to a new electrode technology that had

recently been released to market, known as an implant

with positioner, which is a small, silastic wedge inserted

next to the implanted electrode array to push it closer

to the auditory nerve within the center of the cochlea

(the modiolus) [1–3]. However, other risk factors that

were also associated with postimplantation meningitis

included inner-ear malformations, with and without

CSF leak, the presence of a CSF leak after cochlear

implantation, a history of ventriculoperitoneal shunt

placement, and otitis media [2–4].
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Figure 1. The patterns of spread of pneumococcal infection. Infection
is represented as red stippling. Infection can spread from the blood (red
stippled arrow originating within the carotid artery [CAR.A]) to the CNS.
Alternatively, pneumococci can spread into the adjacent cochlea (CO)
along the cochlear implant (CIM) when present (black arrows). Once the
infection reaches the inner ear (i.e., the CO), it can then spread to the
CNS along either the cochlear aqueduct (C.AQ) or the auditory nerve (AN;
red arrows). In the presence of acute otitis media, it is possible that the
bacteria can reach the CNS via the 2 described routes (directly via the
inner ear or via blood circulation). MEN, meninges; ME, middle ear; MO,
modiolus (i.e., the center of the CO that contains the AN); TM, tympanic
membrane.

The incidence of pneumococcal meningitis was found to be

greater than that of an age-matched cohort in the general pop-

ulation [2]. To quantify continuing risk of meningitis, an ad-

ditional study was conducted that involved the 4264 children

who were followed up from 16 September 2002 through 1

December 2004 [5, 6]. Twelve new episodes of meningitis were

ascertained among 12 children, 11 of whom received a cochlear

implant with a positioner. The incidence of meningitis 24

months after cochlear implantation for children with a posi-

tioner implant was 450 cases per 100,000 person-years [6].

However, it remains to be determined whether cochlear im-

plantation without the positioner device increases the risk of

meningitis in subjects with no preexisting risk factors for ac-

quiring the disease. Even if the implant increases the risk of

meningitis, the exact mechanism of how it contributes to the

risk of acquiring meningitis remains unknown.

CURRENT SCIENTIFIC RESEARCH

The increased incidence of meningitis that followed implan-

tation of this device serves as a timely reminder that new im-

plant technologies carry potential risks. However, on the basis

of the current clinical literature, it remains unclear whether

cochlear implantation increases the risk of meningitis in sub-

jects with no existing risk factors for acquiring this disease. The

question cannot be answered in humans because of ethical

considerations, so the study of implant-related infection must

involve living animals for the research findings to be applicable

to a real-life clinical situation. The current success of cochlear

implants is a result of many years of testing in the animal

models.

The development of both an experimental model for pneu-

mococcal meningitis and interventional strategies to reduce im-

plant-related infection will depend upon the route of spread

of bacteria from the middle ear to the CNS. The exact routes

by which the bacteria reach the meninges in the presence of a

cochlear implant are still unclear [7]. As a result of the potential

breakdown in both mucosal soft tissue and bony barriers be-

tween the inner and middle ear as a result of cochlear im-

plantation, the direct spread of infection from the middle to

the inner ear and then to the CNS has been proposed as a

major route of infection (figure 1) [8] and has been the main

focus in the study of infection-prevention strategies in implant-

related meningitis [9]. The presence of a peri-implant fibrous

tissue seal has been considered to be an important barrier that

will resist the spread of infection from the middle ear to the

inner ear [8, 10, 11]. Others have postulated that pneumococcal

meningitis is caused by the bacteremia that follows colonization

of the upper respiratory tract (figure 1) [7, 12–14]. An exper-

imental model was recently designed to study several of the

main potential routes of infection leading to meningitis [15,

16].

THRESHOLD MODEL FOR PNEUMOCOCCAL
MENINGITIS

Previous work investigating meningitis caused by the bacterium

Haemophilus influenzae in the rat demonstrated that a threshold

number of bacteria were required to induce meningitis after

intranasal inoculation of bacteria [17, 18]. It was considered

that threshold measurements for S. pneumoniae in the rat would
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be an effective method for investigating the anatomical and

pathological mechanisms leading to meningitis in patients with

implanted cochleas.

The experimental method was to inoculate adult Hooded-

Wistar rats with a clinically relevant strain of S. pneumoniae

via 3 different routes: the middle ear, the inner ear, and intra-

peritoneally [15, 16]. The intraperitoneal route of infection

modelled blood-borne systemic infection (bacteremia). The

main outcome was the development of meningitis occurring

within a 5-day observation window. The animals were found

to clear the infection if they had not developed meningitis 5

days after initial inoculation.

It was discovered that a threshold S. pneumoniae load is

required to induce meningitis when the bacteria are delivered

via any of 3 routes of administration [16]. The lowest threshold

was obtained when S. pneumoniae were inoculated directly into

the inner ear. Larger numbers of bacteria were required to cause

meningitis after systemic inoculation, and the highest bacterial

counts were required to cause meningitis after inoculation of

the middle ear. Although it cannot be proven that threshold

numbers of pneumococci are required to cause human men-

ingitis, the experimental findings are consistent with some im-

portant clinical observations.

Patients with reduced immunocompetence (e.g., elderly per-

sons and children aged !2 years) are known to be more sus-

ceptible to meningitis than the rest of the population [19, 20].

These patients presumably have a lower threshold. This can be

understood within the context of a threshold model as an ef-

fective increase in the bacterial load mediated by a reduced

capacity of the host to kill the inoculated pneumococci; greater

numbers of bacteria survive per inoculum and the bacterial

count required to cause meningitis is more easily exceeded. The

rarity of meningitis in the healthy human population suggests

that the bacterial thresholds for pneumococcal meningitis are

not often reached, presumably because host immunity seldom

fails even after infection with invasive serotypes of these bac-

teria. The threshold model gave us new insight as to how S.

pneumoniae could potentially induce meningitis in human sub-

jects. Extrapolating from this threshold model whether a

healthy human subject acquires pneumococcal meningitis may

depend on the route of infection and the bacterial load for

each route (hematogenous or middle or inner ear route). It is

important to understand that a quantitative threshold model

can be established in animals but not in humans because of

ethical reasons. Therefore, the animal model described in the

recent literature [15, 16] is an alternative means to study human

disease and is useful in that possible mechanisms behind pneu-

mococcal meningitis in human subjects, with or without a

cochlear implant, can be examined in a controlled laboratory

environment.

EFFECTS OF THE COCHLEAR IMPLANT
ON THE THRESHOLD FOR PNEUMOCOCCAL
MENINGITIS

Next, we studied the effect of a cochlear implant procedure

and electrode on an animal’s susceptibility to develop men-

ingitis. Cochlear implant electrodes were implanted into the

inner ear 1 month before inoculation with S. pneumoniae, to

model the human situation in which this period of time is

required for the tissue surrounding the electrode to return to

normal [21]. The bacteria levels inoculated via each of the 3

routes of administration were less than the threshold required

to induce meningitis in nonimplanted control animals. Most

of the animals implanted with a cochlear electrode developed

meningitis, meaning that the implant is associated with a re-

duction in the threshold of bacteria required to induce pneu-

mococcal meningitis, irrespective of the route of administration

[22]. The increased infection rate associated with the implanted

cochleae was significant for all routes of inoculation ( ,P ! .05

by 1-tailed Fisher’s exact test) [22]. It was also shown that it

was the presence of the implant and not the surgical entry into

the inner ear that was associated with the increased risk of

meningitis. The threshold for developing pneumococcal men-

ingitis was not altered in a group of animals that received a

cochleostomy (i.e., a small opening of the cochlea that is created

surgically to allow insertion of a cochlear implant electrode

array) but did not have an electrode implanted [22]. The

thresholds were also not lowered when the electrode was in-

serted using a standard insertion technique and immediately

withdrawn after insertion [22].

This recent animal study suggested that the presence of a

foreign body, such as a cochlear implant, may reduce the ability

of the rats’ immune system to fight pneumococcal infection

[22]. Therefore, fewer bacteria are required to overwhelm the

immune system, compared with the immune system in non-

implanted rats. Previous studies have illustrated that the pres-

ence of a rigid, perforated polytetrafluoroethylene tube in the

subcutaneous tissue of animals increased the apoptotic activity

of polymorphonuclear leukocytes and impaired their ability to

phagocytose bacteria [23–25]. In human subjects, it is possible

that a foreign body in the inner ear can also reduce the ability

of the immune cells to eliminate S. pneumoniae, although the

detailed molecular mechanism(s) of how the foreign body im-

pairs the function of immune cells is still unknown. This will

require additional laboratory research. However, the current

animal model suggested that, with impaired local immunity

around the implant, a smaller quantity of bacteria was required

to induce meningitis in the implanted rats. Therefore, the

threshold of pneumococcal infection had been lowered in the

presence of a foreign body.
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EFFECTS OF INNER EAR TRAUMA ON THE
THRESHOLD FOR PNEUMOCOCCAL
MENINGITIS

The surgical technique and the insertion trauma to the inner

ear structures have also been proposed to be possible mecha-

nisms for post–cochlear implantation meningitis [1]. In a recent

clinical study, children receiving an implant with a positioner

had 4.5 times the risk of developing meningitis than did chil-

dren with other cochlear implant types [2]. In human temporal

bone studies, a severe insertion trauma to the bony structures

of the inner ear was observed when an implant device with a

positioner was fully inserted into the cochlea [26–31]. This

injury appeared to occur primarily because the device was too

large to permit full insertion into the scala tympani. It has been

postulated that a 2-part electrode system may increase the like-

lihood of trauma to bony structures (osseous spiral laminae

and/or modiolus) in the inner ear [11], thereby allowing bac-

teria direct access to the subarachnoid space once they have

entered the inner ear. With use of the same threshold principle

developed in the animal study, a severe inner ear trauma as a

result of surgery also reduced the threshold of bacteria required

for meningitis via direct routes of infection ( , by 1-tailedP ! .05

Fisher’s exact test) but not for hematogenous infection [32].

The likely explanation is that a severe trauma to the inner ear

structures created a more direct communication route between

the inner ear and the subarachnoid space of the CNS but did

not alter the pathway for the bacteria to reach the meninges

via the hematogenous route—that is, the bacteria have greater

access to the CNS once in the traumatized inner ear [32].

Therefore, it is important to minimize the insertion trauma in

the cochlea. The ideal cochlear implant design and insertion

technique should not cause trauma to the cochlea during im-

plantation. This will reduce the risk of meningitis [32].

PROTECTIVE EFFECTS OF PNEUMOCOCCAL
VACCINATION

There is an urgent need to prevent meningitis in patients with

implants by immunization against S. pneumoniae. The efficacy

of immunization in reducing the risk of meningitis was tested

experimentally by repeating the cochlear implantation experi-

ment on animals that had first been immunized against pneu-

mococcus with a 23-valent polysaccharide vaccine (PPV23)

[33]. Although bacteria inoculated by each of the 3 routes

caused meningitis in animals with implants that had not re-

ceived the vaccine, vaccinated animals with implants were pro-

tected from meningitis when inoculated via the middle ear

( , by 2-tailed Fisher’s exact test) or systemically (P ! .05 P !

, by 2-tailed Fisher’s exact test), demonstrating that im-.05

munization is an effective means of protection [33]. The pro-

tection was less effective when inoculation was made directly

into the inner ear ( , by 2-tailed Fisher’s exact test) [33];P 1 .05

this implies that the immune surveillance in the inner ear is

lower than for extracochlear tissues, possibly because antibody

levels in cochleae are 1000 times lower than are those in serum

[34]. Furthermore, the presence of a blood-labyrinthine barrier

partially isolates the labyrinth from systemic immunity [35]

and may reduce the transit of antibodies from the serum into

the inner ear [36].

The current recommendation from the FDA, the Centers for

Disease Control and Prevention, and the Advisory Committee

on Immunization Practices is that all current and future coch-

lear implant recipients should receive age-appropriate vacci-

nation with either PPV23 or heptavalent pneumococcal con-

jugated vaccine (PVC7) [1]. The recent experimental data

clearly support this recommendation. However, the animal data

also have suggested that pneumococcal immunization may not

protect subjects from meningitis if S. pneumoniae reaches the

inner ear from the middle ear. Therefore, any direct commu-

nication between the middle ear and the inner ear should be

surgically corrected [10, 37].

In a study involving 120 cochlear implant recipients (age, 5–

27 years), the mean titer of pneumococcal antibodies before

PPV23 vaccination was less than the protective threshold value

[38]. However, serum antibody levels to all vaccine-specific

serotypes increased significantly after immunization with

PPV23 [38]. Interestingly, in a comparison of the older implant

recipients, the immune response to PPV23 was weaker in pa-

tients with implants who were aged 5–8 years [38], with a

particularly weak response to serotypes 6B, 14, and 23F. On

the other hand, PVC7 induced higher levels of antibodies than

PVV23 in 38 children with implants who were aged 2–5 years

[39]. Even receipt of 1 dose of PVC7 can induce a protective

level of antibodies in children with implants who are aged !2

years [39].

Although, to our knowledge, there have been no published

clinical studies of the efficacy of pneumococcal immunization

against meningitis in implant recipients, pneumococcal men-

ingitis was reported in 3 children with implants who had re-

ceived PCV7 and 1 child with an implant who had received

PPV23 [2]; all 4 children were !6 years of age. The serotypes

of the bacteria that caused the disease were unknown for 3 of

these children; in the fourth child, meningitis was caused by

serotype 10A, which is not covered by PCV7. Two other chil-

dren who acquired meningitis after receiving PCV7 vaccine may

have had serum antibody levels that were less than the thresh-

old, because they had received insufficient doses of the vaccine.

One child with an implant developed pneumococcal meningitis

6 days after vaccination with PPV23. The immune system in

this child might not have the sufficient maturity or time to

respond to the vaccine. Although some serotypes contained in

PCV7 may evoke a cross-reactive response to pneumococci of
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the same serogroup not contained in the vaccine [40], children

with implants are still vulnerable to infection with many other

serotypes not covered by the vaccine. Similarly, although PPV23

covers a broader spectrum of pneumococcal serotypes, there

are almost 70 other serotypes not covered by the vaccine. In

addition, although PPV23 covers 85%–90% of the serotypes

responsible for invasive infection in the United States [41],

there are large variations in the relative frequency of serotypes

of S. pneumoniae in different geographic areas and in specific

regions over time [42]. Although pneumococcal vaccination

does not necessarily prevent all cases of pneumococcal men-

ingitis associated with a cochlear implant, there is still consid-

erable benefit to be gained from immunizing all current and

future implant recipients.

THE USE OF LOCAL ANTIMICROBIAL AGENTS
TO PREVENT POSTIMPLANTATION
MENINGITIS

The use of local antimicrobial agents to prevent infection due

to foreign bodies may be another alternative option to combat

postimplantation meningitis [43]. Current clinical data indicate

that one-third of cases of implant-related meningitis occur dur-

ing the first 4 weeks after cochlear implantation [1, 2]. A recent

animal study that involved the use of ciprofloxacin to coat the

surface of the implant reduced the risk of pneumococcal men-

ingitis after subsequent pneumococcal bacteremia 4 weeks after

surgery [43]. Although there was evidence to suggest that an

electrode array coated with antimicrobial agents may reduce

the risk of subsequent pneumococcal meningitis, additional

research should be performed before the concept is applied to

clinical practice. The major concern is the development of drug-

resistant strains of S. pneumoniae.

CLINICAL RECOMMENDATIONS BASED ON
THE CURRENT RESEARCH FINDINGS

Several clinical implications and recommendations follow from

this review. First, subjects who have implants should be con-

sidered to have an increased likelihood of developing pneu-

mococcal meningitis irrespective of the route of inoculation,

whether via otitis media or a systemic infection. Because of the

threshold reduction effect of a cochlear implant, patients who

develop symptoms of acute otitis media or bacteremia should

be assessed and treated urgently by their physicians, to reduce

the risk of the infection reaching the threshold for meningitis.

This is particularly paramount in cochlear implant recipients

who have other preexisting risk factors. A number of clinicians

have advocated the early detection and treatment of acute otitis

media in cochlear implant recipients [4, 10, 44]. The use of

perioperative and postoperative antibiotic prophylaxis has been

recommended by the FDA [1] and implant surgeons [4, 11]

to reduce meningitis in the immediate postimplantation period.

The insertion of tympanostomy tubes (grommets) and/or the

use of prophylactic antibiotics in children who have received

implants and who are prone to otitis media have been rec-

ommended as ways to avoid potential CNS complication until

the children outgrow their susceptibility to otitis media [45–

47]. Second, all cochlear implant recipients should be immu-

nized against invasive strains of S. pneumoniae. Immunization

should protect against otitis media and bloodborne infection

but would be less effective against direct inoculation of bacteria

into the cochlea. Third, minimal trauma or atraumatic surgical

technique and implant designs should be implemented in clin-

ical practice to reduce the risk of meningitis. Manufacturers

have been recommended to avoid using potentially traumatic

electrode arrays [48]. Biological safety testing of the meningitis

risk for cochlear implants should consider all potential routes

of infection, including the middle ear and hematogenous

spread. Fourth, using the techniques described in the current

literature, it may now be possible to quantify the risk of men-

ingitis associated with new implant designs or novel implant

materials before their release. The current FDA recommen-

dation is to vaccinate children with implants who are aged !5

yeas with a series of PCV7 [1]. For children aged !6 months,

3 doses of PCV7 should be given 2 months apart, as well as

an additional dose given at 12–15 months of age. For children

aged 7–11 months, 2 doses of PCV7 should be given 2 months

apart, as well as an additional dose given at 12–15 months of

age. For children aged 12–59 months, 2 doses of PCV7 should

be given 2 months apart. One dose of PPV23 is recommended

for implant recipients aged 12 years.

CONTINUED DATA COLLECTION AND
EPIDEMIOLOGIC STUDY

Because meningitis is associated with high morbidity and mor-

tality, ongoing monitoring of the safety of the cochlear implant

should be implemented. All cases of meningitis in implanted

patients should be reported to the manufacturers and to the

appropriate public authorities in each country [48, 49]. In every

case of postimplantation meningitis, bacteria should be isolated

from the CSF specimens and middle ear specimens, if a middle

ear effusion is present [50]. Serotyping of S. pneumoniae cul-

tured from implant recipients should be performed. These data

are very important for understanding the frequency and dis-

tribution of different serotypes in the implanted population.

The data are also useful for examining the effect of vaccination

on the prevalence of postimplantation meningitis due to non-

vaccine serotypes and for helping in the development of new

vaccines to cover the serotypes that most frequently cause men-

ingitis in implant recipients. In the event of a patient death

due to meningitis, a postmortem examination, including ex-

amination of the temporal bones, should also be performed,

to continue assessing the etiology and pathogenesis [50].



e6 • CID 2008:46 (1 January) • Wei et al.

Acknowledgments

Potential conflicts of interest. All authors: no conflicts.

References

1. US Food and Drug Administration. Public health web notification: risk
of bacterial meningitis in children with cochlear implants. 6 February
2006. Available at http://www.fda.gov/cdrh/safety/020606-cochlear
.html. Accessed 10 June 2007.

2. Reefhuis J, Honein MA, Whitney CG, et al. Risk of bacterial meningitis
in children with cochlear implants. N Engl J Med 2003; 349:435–45.

3. Cohen NL, Roland JT Jr, Marrinan M. Meningitis in cochlear implant
recipients: the North American experience. Otol Neurotol 2004; 25:
275–81.

4. Angeli S, Balkany T. Post-cochlear implant meningitis. Operative Tech-
niques in Otolaryngology-Head and Neck Surgery 2003; 14:293–6.

5. Biernath K, Reefhuis J, Whitney CG, Mann EA, Costa P, Boyle C.
Bacterial meningitis in children with cochlear implants after twenty-
four months post-implantation. Am J Epidemiol 2005; 161:S152–2.

6. Biernath KR, Reefhuis J, Whitney CG, et al. Bacterial meningitis among
children with cochlear implants beyond 24 months after implantation.
Pediatrics 2006; 117:284–9.

7. Meli DN, Christen S, Leib SL, Tauber MG. Current concepts in the
pathogenesis of meningitis caused by Streptococcus pneumoniae. Curr
Opin Infect Dis 2002; 15:253–7.

8. Clark G. Cochlear implants in children: safety as well as speech and
language. Int J Pediatr Otorhinolaryngol 2003; 67:S7–20.

9. Clark GM. Cochlear implants fundamentals & application. New York:
Springer-Verlag, 2003.

10. Bluestone CD. Prevention of meningitis: cochlear implants and inner
ear abnormalities. Arch Otolaryngol Head Neck Surg 2003; 129:279–81.

11. Arnold W, Bredberg G, Gstottner W, et al. Meningitis following coch-
lear implantation: pathomechanisms, clinical symptoms, conservative
and surgical treatments. ORL J Otorhinolaryngol Relat Spec 2002; 64:
382–9.

12. Schuknecht HF. Pathology of ear. 2nd ed. Malvern, PA: Lea & Febiger,
1993.

13. Ring A, Weiser JN, Tuomanen EI. Pneumococcal trafficking across the
blood-brain barrier. Molecular analysis of a novel bidirectional path-
way. J Clin Investig 1998; 102:347–60.

14. Igarashi M, Saito R, Alford R, Filippone M, Smith JA. Temporal bone
findings in pneumococcal meningitis. Arch Otolaryngol 1974; 99:
79–83.

15. Wei BPC, Shepherd RK, Robins-Browne R, Clark G, O’Leary SJ. Pneu-
mococcal meningitis: development of a new animal model. Otol Neu-
rotol 2006; 27:844–54.

16. Wei BPC, Shepherd RK, Robins-Browne R, Clark G, O’Leary SJ. Pneu-
mococcal meningitis threshold model: a potential tool to assess infec-
tious risk of new or existing inner ear surgical interventions. Otol
Neurotol 2006; 27:1152–61.

17. Moxon ER, Smith AL, Averill DR, Smith DH. Haemophilus influenzae
meningitis in infant rats after intranasal inoculation. J Infect Dis
1974; 129:154–62.

18. Moxon ER, Ostrow PT. Haemophilus influenzae meningitis in infant
rats: role of bacteremia in pathogenesis of age-dependent inflammatory
responses in cerebrospinal fluid. J Infect Dis 1977; 135:303–7.

19. Roos KL, Tyler KL. Meningitis, encephalitis, brain abscess, and em-
pyema. In: Kasper DL, Braunwald E, Fauci AS, et al., eds. Harrison’s
principles of internal medicine. 16th ed. New York: McGraw-Hill, 2005:
2471–90.

20. Chavez-Bueno S, McCracken GH. Bacterial meningitis in children.
Pediatr Clin North Am 2005; 52:795–810.

21. Franz B, Clark GM, Bloom D. Permeability of the implanted round
window membrane in the cat- an investigation using horseradish per-
oxidase. Acta Otolaryngol 1984; (Suppl 410):17–23.

22. Wei BPC, Shepherd RK, Robins-Browne R, Clark G, O’Leary SJ.

Threshold shift: effects of cochlear implantation on the risk of pneu-
mococcal meningitis post implantation. Otolaryngol Head Neck Surg
2007; 136:589–96.

23. Zimmerli W, Lew PD, Waldvogel FA. Pathogenesis of foreign body
infection: evidence for a local granulocyte defect. J Clin Investig
1984; 73:1191–200.

24. Zimmerli W, Waldvogel FA, Vaudaux P, Nydegger UE. Pathogenesis
of foreign body infection: description and characteristics of an animal
model. J Infect Dis 1982; 146:487–97.

25. Fabre T, Belloc F, Dupuy B, et al. Polymorphonuclear cell apoptosis
in exudates generated by polymers. J Biomed Mater Res 1999; 44:
429–35.

26. Wardrop P, Whinney D, Rebscher SJ, Luxford W, Leake P. A temporal
bone study of insertion trauma and intracochlear position of cochlear
implant electrodes. II. Comparison of Spiral Clarion (TM) and HiFocus
II (TM) electrodes. Hear Res 2005; 203:68–79.

27. Aschendorff A, Klenzner T, Richter B, Kubalek R, Nagursky H, Laszig
R. Evaluation of the HiFocus electrode array with positioner in human
temporal bones. J Laryngol Otol 2003; 117:527–31.

28. Aschendorff A, Klenzner T, Hamad M, Kubalek R, Richter B, Laszig
R. Perimodiolar electrodes—radiological and histological findings. In-
ternational congress series 2003; 1240:361–4.

29. Richter B, Aschendorff A, Lohnstein P, Husstedt H, Nagursky H, Laszig
R. Clarion 1.2 standard electrode array with partial space-filling po-
sitioner: radiological and histological evaluation in human temporal
bones. J Laryngol Otol 2002; 116:507–13.

30. Gstoettner WK, Adunka O, Franz P, et al. Perimodiolar electrodes in
cochlear implant surgery. Acta Otolaryngol 2001; 121:216–9.

31. Tykocinski M, Cohen LT, Pyman BC, et al. Comparison of electrode
position in the human cochlea using various perimodiolar electrode
arrays. Am J Otol 2000; 21:205–11.

32. Wei BPC, Shepherd RK, Robins-Browne R, Clark G, O’Leary SJ. Effects
of inner ear trauma on the risk of pneumococcal meningitis. Arch
Otolaryngol Head Neck Surg 2007; 133:250–9.

33. Wei BPC, Robins-Browne RM, Shepherd RK, Azzopardi K, Clark GM,
O’Leary SJ. Assessment of the protective effect of pneumococcal vac-
cination in preventing pneumococcal meningitis after cochlear im-
plantation. Arch Otolaryngol Head Neck Surg 2007; 133:987–94.

34. Paleri V. Inner ear immunology and allergy: an overview of current
day concepts. Ear Nose Throat J 1997; 76:799–802, 807–8, 810.

35. Ryan AF, Gloddek B, Harris JP. Lymphocyte trafficking to the inner
ear. Ann NY Acad Sci 1997; 830:236–42.

36. Ryan AF. Summary: progress in inner-ear immunology. Ann NY Acad
Sci 1997; 830:326–9.

37. Bluestone CD. Bacterial meningitis in children with cochlear implants.
N Engl J Med 2003; 349:1772–3.

38. Hey C, Rose MA, Kujumdshiev S, Gstoettner W, Schubert R, Zielen
S. Does the 23-valent pneumococcal vaccine protect cochlear implant
recipients? Laryngoscope 2005; 115:1586–90.

39. Rose M, Hey C, Kujumdshiev S, Gall V, Schubert R, Zielen S. Im-
munogenicity of pneumococcal vaccination of patients with cochlear
implants. J Infect Dis 2004; 190:551–7.

40. Jakobsen H, Sigurdsson VD, Sigurdardottir S, Schulz D, Jonsdottir I.
Pneumococcal serotype 19F conjugate vaccine induces cross-protective
immunity to serotype 19A in a murine pneumococcal pneumonia
model. Infect Immun 2003; 71:2956–9.

41. Posfay-Barbe KM, Wald ER. Pneumococcal vaccines: do they prevent
infection and how? Curr Opin Infect Dis 2004; 17:177–84.

42. Kamerling JP. Pneumococcal polysaccharides: a chemical view. In: To-
masz A, ed. Streptococcus pneumoniae: molecular biology & mecha-
nisms of disease. New York: Mary Ann Liebert, 2000:81–114.

43. Wei BPC, Robins-Browne RM, Shepherd RK, Azzopardi K, Clark GM,
O’Leary SJ. Protective effects of local administration of ciprofloxacin
on the risk of pneumococcal meningitis after cochlear implantation.
Laryngoscope 2006; 116:2138–44.

44. Whitney CG. Cochlear implants and meningitis in children. Pediatr
Infect Dis J 2004; 23:767–8.



Cochlear Implant and Meningitis • CID 2008:46 (1 January) • e7

45. Kennedy RJ, Shelton C. Ventilation tubes and cochlear implants: what
do we do? Otol Neurotol 2005; 26:438–41.

46. Luntz M, Teszler CB, Shpak T. Cochlear implantation in children with
otitis media: second stage of a long-term prospective study. Int J Pediatr
Otorhinolaryngol 2004; 68:273–80.

47. Luntz M, Teszler CB, Shpak T, Feiglin H, Farah-Sima’an A. Cochlear
implantation in healthy and otitis-prone children: a prospective study.
Laryngoscope 2001; 111:1614–8.

48. Cohen N, Ramos A, Ramsden R, et al. International consensus on
meningitis and cochlear implants. Acta Otolaryngologica 2005; 125:
916–7.

49. O’Donoghue G, Balkany T, Cohen N, Lenarz T, Lustig L, Niparko J.
Meningitis and cochlear implantation. Otol Neurotol 2002; 23:823–4.

50. Bluestone CD. Cochlear malformations, meningitis, and cochlear im-
plants: what have we learned? Otol Neurotol 2003; 24:349–50.


