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Technische Universitat Minchen, Institut fir Experimentelle Chirurgie, D-8000 Minchen, FRG

SUMMARY

In recent years progress in the area of semiconductor technology, which is the result of the
high degree of miniaturization, has led to new technologies and new applications in the
related fields of physical, chemical, and biological sensing mechanisms. Typically for this
trend in medical diagnostics is the shift from the in-vitro analysis to in-vivo determination of
chemical and biological parameters by the replacement of the chemical analytic methods by
chemical sensors. As far as physical parameters in biomedicine are concerned new
applications are being considered.

In order to avoid any contamination and degradation during transportation future systems
under consideration might determine all the parameters of interest directly in the organism.
The sensing area will become small enough to receive analytical data from a volume down to
the cell order of magnitude.

1 INTRODUCTION

Present day technology especially for semiconductors or related areas allows the realization
of a new generation of chemical and biological sensors. The main feature will be the small
size and therefore the possibility to get diagnostic information from a volume of far less than
1 pl. This might open new ways of diagnostics in medicine.

However in many cases, especially for chemical sensors there will be a noticeable additional
sensitivity for a lot of further chemical species. This will require special efforts to suppress
interfering this influence. One way will be to design multi-sensor arrays with different
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sensitivity for the chemical compounds in question and and to eliminate the cross sensitivity

by calculation.

r 2 REQUIREMENTS FOR SENSORS IN MEDICINE

In principle the impact to the patient should be as little as possible. This leads to the classes of
invasivity as given in Table 1.

Table 1: CLASSES OF INVASIVITY FOR IN-VIVO DERIVATION MEDICAL INFORMATION

TO.PATIENT INFORMATIO TRANSP.| EXAMPLE
1. Without acoustic stethoscope
contact optical IR-thermography
electromagnetic microwave thermography, X-ray
2. Exterior acoustic ultra sound velocity measuring and imaging
surface thermal surface temperature measurement
contact optical transcutaneous oximetry
electrical surface ECG, -EMG, etc.
diffusion transcutaneous partial pressure measurement
3. Inner surface see above see above
contact
4. Contact to thermal blood temperature measurement
blood or other optical oximetry in blood
body fluids electrical invasive ECG, -EMG, etc.
physical and chemical | invasive bio-sensor to measure physical and
chemical parameters of interest

In case of human blood, which contains still most of the relevant information, the requirements
for the signal derivation with sensors are given in Table 2.

Table 2: IMPORTANT FEATURES FOR DERIVATION OF INFORMATION IN HUMAN BLOOD:

Small measuring sample in the order of:  ml
Short reaction and measuring time s
Small measuring agent losses ul

None or.negligible immobilization of the patient
None or.negligible physiological influence by the test
Avoidance of infections or poisoning
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3. REQUIRED INFORMATION IN MEDICINE

Concerning the requirements in medicine for diagnostics, therapy and medical research in the
future (see Table 3 ) the kind of information wanted is naturally orientated on its present
availability and the capabilities of modern analytic laboratories. However one could envisage,
that future sensor technologies also initiate the use of further medical information and the
application of new sensors in medicine.

Table 3: INFORMATION FOR DIAGNOSTICS IN MEDICINE (IN-VIVO)

AVAILABLE AT PRESENT REQUIRED IN THE FUTURE
PHYSICAL pressure diameter, dimensions
SIGNALS temperature volume
electric potential flow
velocity
force
pressure
temperature

heat conductivity
electrical potential
electrical impedance

CHEMICAL hydrogen ion activity (pH) hydrogen ion activity (pH)
SIGNALS oxygen partial pressure (pO) oxygen partial pressure (pO2)
oxygen saturation (sOy) oxygen saturation (sO2)

carbon dioxide pressure (pCOs2) | carbon dioxide pressure (pCO»)
sodium ion activity (Na+)
potassium ion activity (K+)
calcium ion activity (Ca++)
magnesium ion activity (Mg++)
chlorine ion activity (Cl-)
phosphates

BIOLOGICAL MOLECULES OF BIOLOGICAL METABOLISM
SIGNALS
none glucose

lactate

pyruvate

urea, uric acid, creatinine
bilirubine

cholesterine, triglycerides

BIOLOGICAL MACROMOLECULES AND ENCYMES

none hemoglobin
total proteine
albumine
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creatinine phosphokinase
choline esterase

lactate dehydrogenase
transaminases
fibrinogen

lipids

elastase

CELLS AND MICROORGANISMS

none hematocrit

red and white blood cells

platelets

antibody, antigen (blood and subgroup

PARTICLES EFECTING HUMAN ORGANISM

none anti-immune reaction against pollen, etc.

4. APPLICATION AND MEASURING RANGE

In the following Tables 4 to 6 the possible "applications" and the required signal "range" and
“resolution” for physical, chemical and biological sensors is given. It is assumed, that the
sensor has a sensitive area which is small compared to the target in order to minimize the
measuring reaction. In those cases where the sensor has to be placed in the area of interest
for a certain amount of time the analysis might have to be repeated in certain intervals, e.g..
with a certain "scanning rate".

The list is based on the clinical experience with the results received from clinical analytic
chemistry and on the state of the art in medical research and does not assert a claim of
completeness. However, it takes into account the present physical and technical possibilities
to comply with the given requirements.

Table 4: REQUIRED PHYSICAL INFORMATION

KIND OF INF{ APPLICATION RANGE RESOLUTION SCAN.

MECHANICAL

force control of artificial limps 0.01 - 100 N [10 % | 10 /s

pressure of | blood press. heart, vessels 120751550 kPa | 0.1 kPa [100 /s

liquids urine pressure in bladder 19w 50 kPa | 0.1 kPa | 10 /s
inner pressure in eye Qs 230 kPa | 0.1 kPa 1/s
liquor pr. brain, spinal cord Qe 10 kPa | 0.1 kPa 1/s

flow and blood flow rate stenotic ves. 1 - 1000 ml/min [ 1  ml/min 100 /s
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velocity blood flow rate cardiac ves. 0.1 - 250 ml/min | 0.1 ml/min 100 /s
tear liquid flow rate 0.1 - 10 mi/min | 1 ml/min 17re
respiration rate 1 “SATB0 | . /MmN /min 'S
dimensions | diameter,cross-section ves. 0.5 § - ¥20 mm | 0.5 mm 1fis
stroke volume of heart 1 - 250 ml | 1 ml | 10 /s
cardiac output 1 -4730 B B I |10 /s
ACOUSTIC
noise level flow noise of liquids
noise of the stomach
noise condu.| discrimination of tissue
THERMAL
temperature | determination of metabolism{ 10 S50 °C | 0.1 K 1 /min
heat conduct{ discrimination of tissue
OPTICAL
absorption determin. kind and density 1 - 100 Yo 3 % 1.10./s
reflection of tissue and blood
scattering size and density of particles
spontaneous|chemiluminesc.
ELECTRICAL
potential nerve and muscle signals 0.02 - 100 mV | 0.02 mV (500 /s
conductivity | discrimination of tissue 0.01 - 200 Qm | 0.01 QOm | 10 /s
blood 1 - 2 Om | 0.1 Qm [100 /s
bones 100 - 200 Qm | 1 Qm AL
Table 5: REQUIRED CHEMICAL INFORMATION
KIND OF INFORMATION APPLIC. RANGE RESOLUTION SCAN.

SPECIES IN AIR:

oxygen

carbon dioxide

water
ethanol
anesthetics

poisons, drugs, sedatives

=S G S

- 4100
= 920
= 3ad0
=400
- 100

K1
&

kPa
kPa
kPa
Pa
Pa
mPa

MEASUREMENT IN RESPIRATORY TRACT

1 kPa
1 kPa
1 kPa
Pa

Pa

mPa

0.
0.
0.
1
1

1,08

/h
/h

/h

SPECIES IN LIQUIDS

INTRAVASCULAR MEASUREMEN
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hydrogen ion activity (pH) S/PIW 6.8 - 8.0 0.005 $:/8
oxygen.partial pressure.(pO2) S/PIW 01 - 100 kPal 01 kPal 1 /s
oxygen saturation (sO2) w 1 - 100 % | 0.5 % | 1 /s
carbon monoxide (CO-Hb) w 0.1 -..50 % | 0.1 % (12 Lh
Met-Hb w 0.1 § <00 % | 0.1 % |12 /h
carbon dioxide partial p.(pCO2) | S/IP/W 0.1 | < il kPa | 0.1 kPa | 1 /s
phosphates (HCOg3) S/PIW 10 - 40 mmoll | 0.1 mmol/l | 1 /min
sodium ion activity (Na+) S/P/W | 100 - 200 mmoll | 1 mmoll | 2 /h
chloride activity (CI) S/PIW 50 - 150 mmoll | 1 mmoll | 2 /h
potassium ion activity (K+) S/PIW 1 - 15 mmoll | 0.1 mmol/l |12 /h
calcium ion activity (Ca*++) S/PIW 05 - 10 mmoll | 0.1 mmoll |12 /h
magnesium ion activity.(Mg++) | S/P/W 0.1 - 10 mmoll | 0.1 mmol/l |12 /h
phosphore (P) S/PIW 0.1 - 10 mmoll | 0.1 mmol/l | 2 /h
U 1 - 100 mmoll | 1 mmoll | 2 /h
iron (Fet+) S/P 1 - 100 pmoll | 1 umolll | 2 /h
copper (Cut+) S/IPIW 1 - 100 pmoll | 1 umoll | 2 /h
zinc (Zn++) S/P/ 1 - 100 pmoll | 1  umoll | 2 /h
lead (Pb++) S/PIW 0.1 - 100 pmoll | 0.1 pumol/l | 2 /h
cadmium (Cd++) S/PIW 0.01 - 10 upmoll | 0.01 umol/l | 2 /h
Table 6: REQUIRED BOLOGICAL INFORMATION
KIND OF INFORMATION APPLIC. RANGE RESOLUTION SCAN.
MOLECULES OF THE BIOLOGICAL METABOLISM
glucose S/P/W/C 0.1 - 75 mmoll | 0.1 mmol/l |12 /h
lactate W 0.1 - 50 mmoll | 0.1 mmol/l {12 /h
pyruvate w 0.01 - 1 mmoll | 25 umol/l |12 /h
urea S.P.W 0.1 - 250 mmol/l [ 1 mmoll | 2 /h
U 10 - 2500 mmol/l {10 mmol/l | 2 /h
uric acid S/P/IW 0.05 - 10 mmoll { 5 umoll | 2 /h
U 05 - 25 mmol/l | 0.5 mmol/l | 2 /h
creatinine S/P/W 25 -1000 pmoll | 2.5 umoll | 2 /h
) 1 - 50 mmol/l | 1 mmol/ll | 2 /h
bilirubine S/P 1 - 250 pmol/l | 1 umol/l | 2 /h
cholesterine S/P 05 - 50 mmoll [ 0.1 mmol/l | 2 /h
triglycerides S/P 01 - 25 mmol/l | 0.1 mmol/l | 2 /h
BIOLOGICAL MACROMOLECULES AND ENZYMES
hemoglobin (Hb) w 10 wse 050 g/l | 1 g/l |12 /h
proteine S/P 1 < 150 gl 1 g/l| 2 /h
albumine S/P 1 <360 g/l | 1 g/l | 2 /h
creatin kinase (CK) S 5 - 1000 uin| s ult | 2 /h
choline esterase ChE) S 03 - 25 ku/ | 0.1 kUi | 2 /h
fibrinogen E 04 § -/ 25 g/l | 0.1 g/ll| 2 /h
lipase 10 - 5000 U/l (10 g/l | 2 /h
C-reactive proteine (CRP) S 1 - 100 pg/ml | 1 pg/ml | 2 /h
elastase S 5 - 1000 ng/ml | 5 ng/m/ | 2 /h




e ——S

Measurement of biological parameters (esp. in vivo) 125

BLOOD CELLS

hematocrit (Hct) w g e % | 1 % [12 /h
red blood cells (RBC) w o S TR 5 B T 00 {HE b 25 h
white blood cells (WBC) W 0% =) BD G | 0.1 Gl | 2 /h
platelets w 5 - 2500 T G/l| 2 /h
PARTICLES EFECTING THE HUMAN ORGANISM IN AIR

pollen 5 - 100parts/m3 | 5 parts/m3 | 1 /h
mites 5 - 100parts/m3 | 5 parts/m3 | 1 /h
dust 5 - 100parts/m3 | 5 parts/m3 | 1 /h
animal hairs 5 - 1000parts/m3 | 5 parts/m3 | 1 /h

From a medical point of view it would be desirable to combine several sensors in the same
area and to receive the diagnostic results simultaneously. The possible high degree of
integration in modern semiconductor technology but also in the area of fiber optics might
make a realization of at least several multi-sensor combinations certainly feasible in the near

future.

5. ADVANTAGES FOR MEDICAL USE

Main advantage of obtaining medical information with sensors, especially with micro-sensors
is the possibility of diagnostic measurements at the point of the origin of the signal in real time.
In case of chemical or biological sources any degradation or change during transport can be
avoided. With miniaturized multi-sensors it is expected to maximize the acquisition of
diagnostic information and simultaneously minimize the strain of the patient.

6. UNITS, CONVERSION FACTORS AND ABBREVIATIONS

To be consistent, all values are given in Sl-units. However since in medicine other
conventions are in use the conversion factors are given as follows:

1kPa = 75 Torr (or mmHg) 1Torr (ormmHg) = 0.133kPa

W = whole blood, P = plasma, S = serum, U = urine, C = cerebrospinal fluid
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