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Abstract: Auditory Prostheses (AP) are widely used electratgwices for patients suffering with
severe to profound senosorineural deafness byrieltt stimulating the auditory nerve using an
electrode array surgically placed in the inner &d?. mainly contains external Body Worn Speech
Processor (BWSP) and internal Implantable ReceBtenulator (IRS). BWSP receives an external
sound or speech and generates encoded speechitddiar ransmission to IRS via radio frequency
transcutaneous link for excitation of electrodeagrrAfter surgical placement electrode array in the
inner ear, BWSP should be fine tuned to achieveBth&00% speech reception abilities of patient by
an audiologistProblem statement: Basic objective of this research was to develgprgle personal
computer based user friendly hardware and softivdaegface to fine tune the BWSP to achieve the
best possible speech reception abilities of eadivitlual patientApproach: Tuning process involved
several tasks such as identifying the active eddetrcontacts, determination of detection and pain
thresholds of each active electrode and loads thalses into BWSP by reprogramming the BWSP.
This study contracted with development of easy aimmdple user friendly hardware and software
interface for audiologist to perform post operatitming procedures. A microcontroller based
impedance telemetry with bidirectional RF transeeiwas developed as a hardware interface between
PC and IRS. The clinical programming software wagetbped using VB.NET 2008 to perform the post-
operative tuning procedures such as (i) impedaneasarement, (i) fitting to determine the threshold
and comfort levels for each active electrodes aifdréprogramming the speech procesdResults:
Simple hardware and software interfaces for audistowere constructed and tested with laboratory
model BWSP and IRS using simulated resistance reldetarray. All the functional aspects were
tested and results were enumerat@ohclusion: Clinical application software had been developed f
AP used in postoperative fitting procedure usedhgyaudiologists. Software is readily available for
use after the laboratory model of BWSP and IRSa&edlable as final product.
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INTRODUCTION hearing aids are suitable only to the patients withl
to moderate hearing loss and not suitable to tloplpe
A Cochlear Implant (CI) or auditory prosthesis haswith profound hearing loss. To restore hearingitdsl
recently emerged as clinically acceptable prosshfesi  for profoundly deaf people a device called cochlear
people who suffer from a profound hearing {68s implant can be implanted in the inner ear. Compgrin
With the help of modern electronic devices likerimega ~ with hearing aids, ClI does not make any sound
aids and auditory prosthesis the problem of heddag amplification; but it bypasses the normal hearing
in deaf people can be alleviated. Most of theoperation by directly stimulating the auditory nerv
conventional hearing aids provide amplification of using electric pulse allowing the hearing impaired
speech signal with filtering and appropriate persons to recognize the sound. A Cl is an expensiv
compression makes the speech signal become audilbd¢ectronic device that artificially stimulates aaady
to the hearing impaired personnel. In present daysjerve in the inner ear to restore the useful hgaaimd
advanced hearing aids are available with additionaprovides improved communication abilities for perso
features like constant gain over each frequencyd bansuffering with complete hearing loss. Nowadaysghhi
and multi-channels with automatic gain adjustment i performance multi channel auditory prostheses are
accordance with patient's speech perception. Suchvailable. A high performance auditory prosthesis i
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associated with high cost. The performance of thentact, identify the threshold and comfort levefseach
auditory prostheses depends on the various fastmis active channel of each user of Cl and also make
as number of electrodes, placement of electrogipest changes to those algorithms such as adjusting filte
of electrodes, stimulation and the speech procgssinparameters, changing the number of active chaamels
strategies to deliver the important acoustic feegubr  selecting the update rate for best speech undeistn
understanding the sound under noisy environmentof the patient. The Clinical Programming Interface
These factors demand to develop high performancéCPl) is required to perform the post operativéinii
speech processor for auditory prostheses. Andhraperations using IMT hardware and Clinical
University-Naval Science and Technology Lab hadProgramming Software (CPS) The most important tasks
developed Auditory Prostheses that comprises eadternof CPS is to (i) identify the active electrodes umsing
BWSP and IRS. Impedance telemetry module, (ii) determine thresghol
The function of Auditory Prostheses is an artifici and comfort levels for each active electrodes using
replacement of damaged inner ear using external Bodfitting module and (iii) reprogram the BWSP using
Worn Speech Processor (BWSP) for Auditory Mapping module.
Prostheses and Implantable Receiver-Stimulator )(IRS  This study presents the development of Clinical
for stimulating auditory nerve via electrode arthgt Programming Software for testing and setting patien
enables understanding the speech by brain. The BWS#pecific parameters used in BWSP with the help of
receives an external sound or speech and generatBdT.
encoded speech data bits for transmission to receiv
stimulator via an inductive Radio Frequency (RF) MATERIALSAND METHODS
transcutaneous link for excitation of electrodeagrr
The IRS receives the encoded speech data bitsia R This section covers Hardware Implementation and
receiver. software Implementation of PC based Clinical
Each user of Cl has to be individually fitted or programming software for Auditory Prostheses.
mapped with active electrodes and their stimulation
levels to ensure safe and effective electricHardware Implementation: The hardware
stimulatiod®*. The use of electric stimulation requires implementation is carried out based on the widelycu
the determination of (i) minimum amplitude that the 8051 microcontroller core. The experimental block
patient (the user of Cl) detects and perceivesoaads diagram for PC based clinical programming system is
and (i) maximum tolerable amplitude that can bedus shown in Fig. 1. It contains two important modules,
harmlessly. The minimum amplitude is Called namely Body Worn Speech Processor (BWSP) and
Threshold Level (TCL) and the maximum amplitude Impedance Telemetry which are interfaced to IRS
called Most Comfort Level (MCIE. Usually the through RF link. BWSP is a DSP and Microcontroller
audiologists spend most of the time in measurirgy thbased Programmable Speech Processor system which
appropriate  stimulating current values on eachcollect the speech information, implements 4-8 clean
individual active electrode that reaches the TCl tie =~ Continuous Interleaved Sampling (CIS) speech
MCL. The amplitude map for the TCL and MCL needsprocessing algorithfl based on patients active
to be adjusted, particularly in the first severaintins  electrodes and transmits processed speech infarmati
following the first turn-on the speech processarpbath  as serial bit stream at 172 kbps rate to transeotas
the implant system and the implant user are beingnductive RF link. The embedded program in BWSP is
adapted to electric stimulation. The goal of anuglé  programmed to support 4-8 channel CIS processing.
mapping is to optimally convert acoustic amplituites IMT is a microcontroller based interface unit ugsed
speech sounds to electric currents that evoke sensa measure the impedance of electrodes and stimulates
that are between just audible and the maximahctive electrodes for identifying the TCL and MQGdr f
comfortable. An efficient integrated fitting and each active channel/electrode. IRS is microcorgroll
structured training is needed to optimize the miaps based receiver stimulator receives encoded speech
each user of Cl. information from BWSP to stimulate the electrodes
Experimental Laboratory interfaces for cochlearbased on the speech information or receives the
implants are needed to directly manipulate thecommands from IMT and perform the operation based
parameters of biphasic pulse trains on a trialflal-t on the command. Two different protocols are used fo
basis, implementing popular speech-processingommunication (a) Between BWSP and IRS and (b)
algorithms, identifying the active channels whiale a Between IMT and IRS modules.
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Fig. 1: Functional block diagram for CPI

Impedance Telemetry module acts as interfacesubtasks: Pushbuttons key detection and processing,
module between BWSP, IRS and CPI. IMT isimpedance measurement and fitting procedure. The
developed using ultrahigh-speed flash microcorgroll program runs continuous until it receives an intptr
DS89C450 (8051 core) at 33 MHz clock frequency,from Pushbuttons key depression or receives an
make it compatible with IRS data rate. IMT module interrupt from PC's serial port. If it receives iaterrupt
contains 2x20 LCD display, keyboard interface, twofrom pushbuttons it processes the operation based o
serial ports and ASK modulator. LCD display and Keythe pushbutton. If pushbutton ‘P’ is pressed ifqrans
board interfaces enable the audiologist to meathee the impedance telemetry function. If the buttoflsit
impedance of electrodes without using personnetlisplays the resistance values of the next chaltfrtble
computer. One of the two serial ports is used tdoutton is ‘D’ it displays the resistance valuestoé
interface with the Personnel Computer (PC) opegatin previous channel.
at 9600 bps rate and another serial port is used to If it receives a serial interrupt from PC it check
interface with the IRS operating at 172 kbps rét€l the type of operation based on the received data Hy
module can be used either as an independenf js “0x52" it performs the impedance telemetry
Telemefcry mod_ule to identify the active electro®®s fynction. If it is “Ox55” it performs the stimulatn
measuring the impedance values of all 8 electratles f,nction, Both are implemented in a simple protocol

acts as an i_ntermediate interface between CPI Ia_Sd I_ format. If the required function is impedance tedtm
to perform impedance measurement and determmaﬂq@mction' it prepares the impedance telemetry contma
0f TCL and MCL. required for the Implantable Receiver Stimulatd®S).
The impedance telemetry command is sent seridllyybi

Software implementation: The application software | . .
CPI is developed using Visual Basic.Net2008 tOb|t to the ASK modulated RF transmitter at 172 Kbps

measure electrode impedances, adjusting TCL anfft® through serial port 0. The IRS receives thd IM
MCL and mapping the TCL and MCL to BWSP cqmmar_ld and performs the required operations ssich a
default levels. The embedded program for IMT isStimulating each electrode, reads the voltage adiues
developed using 8051 assembler to process theorresponding electrode with reference to the esfes
commands from CPS running on personnel computeglectrode, storing it in internal memory. After all
IMT having two serial ports are configured to ogera channels are processed it prepares the responae dat
with two different baud rates. Serial port 0 of IMT format to be sent to IMT as shown in Fig. 2.
operating at 172 Kbps is used to interface with IBS IRS sends the formatted data serially bit-by-bit t
perform impedance measurement or stimulatinghe IMT via Load Shift Keying (LSK) modulation.
functions. Serial port 1 of IMT operating at 96008sb After sending the IMT command the IMT waits until
is used to interface with Personnel Computer (RE) f correct the response data header is received. After
receiving commands from PC and performs theproper header is received it receives the 16 bgta d
required operation. which contains electrode number and corresponding
resistance hexadecimal value. IMT converts this hex
Embedded programsin IMT: The embedded program values into equivalent 4 digit ASCII resistance uel
in IMT is written in 8051 assembly language withethh by assuming full voltage stimulation at 2 mA reunt.
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[RES [ ELL | RES1 | EL2 | RES2 [ .... | FL8 | RESS | functions (i) Impedance measurement, (ii) Fittingda
(iif) Programming the speech processor.
Fig. 2: Response format sent by the IRS The requirement specifications of above are
designed and implemented by VB.Net 2008 software
[ ST [EL# [CH? | based on windows form design. The.NET framework is
object oriented as well as event-driven. In eveiteth
Fig. 3: Stimulation command issued by CPI programs, a procedure can be called that has eatdir
or indirect relation to the main routine. In reglivery
[FCSBIEL#Z[cHE[O Jo J...]Jo Jo | little code within a typical event-driven applicati is
called from main or any of its descendants. Theefitn
Fig. 4: Protocol format for stimulation of easy of design and rapid development featurebeof

VB.net language are selected for our requiremehé T
The newly read resistance values are stored irh flaseasiest way to design a windows form is to use the
memory of DS89C450 microcontroller. Then IMT Windows Forms Designer in Visual Studio.NET.
formats the 57 bytes response data format, send®rogrammatically a form is defined by deriving asd
serially bit-by-bit through serial portl. If the ™ from the Windows Form class (defined in
receives the stimulation function by receiving theSystem.Windows.Forms). Our design requirement
stimulation command format as shown in Fig. 3, itneeds four form based classes, hence we derived fou
sends the acknowledgement to the CPI of PC. Itlasses from System.Windows.Forms. The four classes
decodes the instruction, capture the requiredare designed using Windows Forms designer namgly (i
information such as electrode number and electrodPatient_Info, (i) Impedance Telemetry (Imtel),i)(ii
charge, prepares the original speech processdtitting and (iv) Mapping classes. The required boal
command contains 17 byte format filled with seldcte components such as button and edit boxes are added
electrode number with corresponding charge, remgini the four forms based on the requirement. The maih a
bytes with zeros as shown in Fig. 4, sends serlatly starting point of the application software is Pattiénfo
by bit to IRS via serial port0 255 times. IRS reesi  form class contains various buttons to maintairiepat
the speech processor command and stimulates thyeneral information such as creation of new patient
selected channel with corresponding charge anihformation, updating and deletion of patient
remaining channels are not stimulated. information, searching the patient information lthea

the patient ID or patient name, measurement of
CPI software program: The CPI software is designed Impedance of each patient, setting the parametats a
for our BWSP used by an audiologist for performingmapping. The each button associated with its event
post operative fitting procedure. The program cmsta handler procedure is used to process the corresmgpnd
multiple functional modules such as (i) impedancerequest. In Patient_Info form class the event hemfoir
measurement, (ii) fitting and (iii) mapping. the buttons related to general patient informasanh

The software program is designed underas NEW, EDIT, UPDATE, DELETE buttons, performs

VB.net2008, with a database MSACCESS. Thethe updating the patient database information. The
designed data tables are responsible to recoreénpati event handler procedure for IMP_TELE button invokes
basic information, medical record, evaluation odifieg  or loads new form Imtel form. The event handler
abilities, evaluation of speech and language statuprocedure for Fitting button invokes or loads nennf
rehabilitation status, evaluation of psychologigtus, Fitting form. The event handler procedure for Magpi
medical and audiological evaluation, processotbutton invokes or loads new form mapping form. The
programming, specific training with processor Imtel form class consists of Text boxes, ReadRes
accessories and so on. The functions of CPS igmkedi  button and Chart control for NET framework.
to serve the following functions (i) maintainingtigmt  Whenever the Imtel form is loaded it reads the
information, (i) impedance measurement, (iii) impedance values from ResVal database table if
determination of stimulation parameters (fitting)da available and displays each channel resistance valu
(iv) processor programming. The patient informationcorresponding textboxes and displays the resistance
module maintains the basic requirement of patientalues in chart control also. If the resistancaigalare
information such as patient identification, named an not yet stored it displays the error message. Meate
address. CPI provides the facility to search thiiep  handler function for the ReadRes button is to prepa
information either by name or patient id. Afteresging  the Impedance Telemetry command and write to the
the patient, the audiologist can perform the folluyv  serialPort object. Then it waits for the DataReediv
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event on the serial port object. After receiving thtata  The audiologist verifies these details and writeshe
from the IMT, it disassembles the data received anderialPort object connected to the BWSP to repragra
stores the new resistance values of each chantleéin the parameters of the BWSP. The sequence of
ResVal database table, updates the textboxes &f eaoperations for mapping function is illustrated ksing
channel and also updates the chart values. Thsequence diagram as shown in Fig. 7.

sequence of operations for impedance telemetry The functional operation of each module is
function is illustrated by using sequence diagrag aexplained below.

shown in Fig. 5.

The fitting module is used to measure optimizedl mpedance measur ement: The impedance
values of the TCL and MCL. Prerequisite for this measurement modules display the impedance values if
module is to measure the impedance values of eadhe audiologist had already measured the impedance
channel. Whenever this module is loaded it reads thvalues of the patient in normal text form and also
impedance values from the ResVal table and disptays graphical representation. If the impedance values a
the corresponding textboxes of each channel aradexe not available it displays the null values. The ‘BReas’

a new row in mapping table with default values @ T button allows the audiologist to read the first éim
and MCL. The audiologist may vary TCL as well asimpedance values or follow-up measure of new
MCL of particular channel by moving the dynamicgan impedance values. If the audiologist presses the
bar upwards or downward and then press StimulatiofiReadRes” button, it prepares the impedance
button. The event handler for Stimulation buttontds measurement command, transmits serially bit-byabit
prepare the stimulation command and write to the9600 bps to the IMT through serial port 0. After
serialPort object. If the determinations of all T@hd sending the command, it waits for receiving 57 byié
MCL values based on patient requirements are doee, data from IMT. After receiving the total data, it
audiologist may update the TCL and MCL values i th analyses the data, store the patient specific & th
Mapping table. The sequence of operations fomfjtti database tables and update the display with newesal
function is illustrated by using sequence diagrag ain both simple text format and graphical represgomna
shown in Fig. 6. along with date of last updating. Typical impedance

The Mapping module gives comprehensivemeasurement screen shotis shown in Fig. 8.
information of the patient. It displays the impedan
information, TCL and MCL of each channel, selectionFitting: The impedance module gives the correct
of speech processor algorithm, stimukaticate. functioning or status of the inserted electrodds. |

gives the information whether the each electrode

W ImpTel:TuT thT: RS having open or short or some finite resistance with
r reference electrode. Those electrodes with theefini
darce Read resistance value between 100-10000 ohms are used fo
s fmpedance 1 pur Perform stimulation. By using this information the audioisty
[ g can perform stimulation function. The fitting modul
Audiclogist _ fimetion allows the audiologist to determine the TCL and MCL
Updste thsramatase ] Send resistance E;lr;igffwgtama of each active electrode based on the impedance

" values of 8
charnels

channels values. The fitting module allows the each implant
user has to be individually fitted or mapped for
ensurlng safe and effective electratimulation.

values of & channels in
text and graphics format

Fig. 5: Sequence diagram for the impedance telgmetr

function : -
Mapping: CPS """dr:"""gev'v“;"'a Speechi IRS

Fitting: CPS

Sent patlent SPECIfIC
Map patient parameters - active| Send SP command

specific parameters channels, threshold with current actual charge

Select values corresponding

i ch.no# and comfort levels

to speech continuously
&

7 Perform

Stimulate channel no# ‘ =
with char gp #it i speech
/\ 255 times Perform ]groctessmg
Aldiologist | speech Hnetion
i A knowledgement processing Audiologist
for command ‘ function —
Fig. 6: Sequence diagram for the fitting function Fig. 7: Sequence diagram for the mapping function
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Fig. 8: Screenshot of impedance measurement functio Fig. 9: Screenshot of fitting function

Thg TCL ant?] Mf’.l‘ alre ?ngSted to storge _cillegaultb\tlslueﬂ prepares the stimulation command as shown inJig
ET.réLegiléreM CeLs gg% ;jes ;)n € psresﬁg eh ;Ail<l:al ﬁ:?sts arecontains the selected channel and correspondimglsis
conducted. These values ar)(/a En?(lque ?oryeach aliectb value. The stimulation command is transmitted Bgria
each patient that needs to take measurements [for %tcl;}ilvibr:t tot:]r;e lclz;m;%l:jghasr?arlllalsggrtli/'l; he:l\m;t:eer the
electrodes. The stimulus was presented at 936sése 9 ’ y » Prep

per channel/electrode. The threshold level can bgpeech processor command format and send the

: ; ; . d serially bit by bit through serial portOtie
adjusted either ascending or descending but théazbm comman .
level only ascending from the threshold selected.af ASK modulated RF transmitter. After all the threlsho

electrodes the step size of 10 current units setesn and comfortable levels are identified by the aumhidt

TCL and MCL. The stimulus level was first set at a€@" save the information. The CPI provides three
default value by the CPS below the threshold ofdifferent mapping schemes for different environment
detection and the audiologist was instructed to eritre The screenshot of the fitting function is showrkig. 9.

range bar downwards from default threshold valug an ) ]
then presses the stimulation button and observes tHYeProgramming speech processor: After completing
response from patient. Based on the responseseof tfihe fitting procedure the audiologist can initiatee
patient, audiologist further moves the threshold toa Mapping function that gives the comprehensive
next increment then presses stimulation buttori tei  information about active channels and corresponding
stimulus could first be heard. This task was rmat threshold and comfort levels of the active eIeceB)d
three or more times to ensure the patient hear sonf@ocessor selected. By pressing the “Program” hutto
sounds. The value is saved as threshold value. fiieen prepares the Mapping command which contains the
stimulus was initialized at a value above the thoés ~ active electrode information and corresponding
and then move the range bar incrementing stimulughresholds and comfort levels for each active etelet.
above threshold until the volume was loud but tide  The prepared command is sent serially bit-by-bit at
for a short period of time. This was repeated ttoee 9600bps rate to the encoder of BWSP via com port of
more times to determine the comfort level. Therenti the clinical programming PC. After BWSP receives al
procedure was repeated for all the electrodes tactive channels threshold and comfort values, the
determine the thresholds and comfort levels. compression function is reset with the TCL and MCLs
The audiologists may vary the number of adjustableand the speech processor program is restartedtiéth
parameters such as TCL and MCL for each activenew values.
electrode, allowing an individual user to store tiple
maps in the speech processor for listening to rdiffe RESULTS
sounds in different environments such as quietsenoi
speech and music. The audiologist can drag the The CPI software provides various features such as
dynamic range bar for each channel for identifyingimpedance measurement, fitting and reprogram the
threshold or comfort level and then press thespeech processor to the audiologist devised asreelqu
stimulation button for stimulating correspondingohel. by the patient. After the patient information isdaged,
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the audiologist can finalize the patient specific
parameters such as identification of active eleetso
TCL and MCL of each active electrode and stimutatio 1-
rate. The CPI software also provides searchinditfaci

for identifying the patient. The screen shots o th
results of the impedance measurement, fitting and
reprogramming as shown in the Fig. 8 and 9. 5

DISCUSSION

The Clinical Programming Software for Cochlear 3.
Implant system (Bionic ear) is developed using
VB.Net 2008 platform with MSACCESS database.
Care is taken in design and development to progide 4-
graphical representation for easy understandinthef
patient's impedance values for audiologist to
determine the valid active electrode contacts. The
software also provides a simple and easy interface
audiologist to determine the TCL and MCL values by
moving the dynamic range bars to desired Ioc:ation6
There is no need to enter every time for the TCL or™
MCL values to be determined for every patient based
on active electrode contacts. The CPS can be
developed by using open source tools such as Java,
MySql. However the software developer needs to;.
analyze the tradeoff between.Net platform and Java
platforms.

CONCLUSION

The impedance telemetry hardware interface ha@.
been developed using DS89420 microcontroller with
LCD display, key pad interface and two serial /O
interfaces. The embedded program had been designed
and developed for interfacing between personne?-
computer and IRS. The Clinical application software
using VB.net 2008 had been developed for AP used in
postoperative fitting procedure used by the audists.

All the functional aspects of AP are tested using
laboratory model IRS. The software is readily aalali

for use after the laboratory model BWSP and IRS ar&o'

available as final product.
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