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SPRINGFIELD, M A 01115 (Us) An infrared spectrometric monitoring transducer includes a 

shielded cable, a ?ber optic light guide, a transducer hous 
(73) Assignee; C As Medical systems, Inc” BranfOI-d, ing, a light source, and at least one light detector. The light 

CT (Us) source is mounted in the transducer housing and is operable 
to produce a light signal along a plurality of discrete 

(21) App1_ NO; 11 $64,203 Wavelengths. The at least one light detector is mounted in the 
housing and is operable to receive light energy correspond 

(22) F?ed; sep_ 28, 2007 ing to the light signal. The at least one light detector is 
mounted in the transducer housing spaced a distance apart 

Related US, Application Data from the light source along a straight line extending the light 
source and the at least one light detector. The shielded cable 

(63) Continuation of application No. 11/384,615, ?led on and the ?ber optic light guide are disposed adjacent the light 
Mar. 20, 2006, Which is a continuation of application 
No. 09/951,221, ?led on Sep. 14, 2001, noW Pat. No. 
7,047,054, Which is a continuation-in-part of appli 
cation No. 09/434,142, ?led on Nov. 4, 1999, noW 
abandoned. 

source and the transducer has an “L” shape formed by the 
shielded cable and the ?ber optic light guide extending 
outWardly from the transducer housing in a direction sub 
stantially perpendicular to the line between the extending the 
light source and the at least one light detector. 
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LASER DIODE OPTICAL TRANSDUCER 
ASSEMBLY FOR NON-INVASIVE 
SPECTROPHOTOMETRIC BLOOD 

OXYGENATION 

[0001] This application is a continuation of US. patent 
application Ser. No. 11/384,615 ?led Mar. 20, 2006, Which 
is a continuation of US. patent application Ser. No. 09/951, 
221 ?led Sep. 14, 2001, Which is a continuation in part of 
US. patent application Ser. No. 09/434,142 ?led Nov. 4, 
1999, Which claimed the bene?t of the ?ling dates of US. 
Provisional Patent Application No. 60/ 123,849, ?led Mar. 
12, 1999; and 60/151,319 ?led Aug. 30, 1999. 

[0002] This invention Was made With Government support 
under the terms of Contract No. 1R43NS39723-01 aWarded 
by the Department of Health and Human Services. The 
Government has certain rights in the invention. 

TECHNICAL FIELD 

[0003] This invention relates to an improvement in a 
non-invasive near-infrared spectrophotometric (NIRS) opti 
cal transducer assembly, and a method of using the same. 
More particularly, this invention relates to a practical NIRS 
optical transducer assembly Which can be reusable, is safe to 
use, and Which can provide an accurately siZed and consis 
tent laser light ?eld on a subject’s skin. 

BACKGROUND ART 

[0004] Near-infrared spectroscopy (NIRS) is an optical 
spectrophotometric method of continually monitoring tissue 
oxygenation. The NIRS method is based on the principle 
that light in the near-infrared range (700 to 1,000 nm) can 
pass easily through skin, bone and other tissues but, Within 
these Wavelengths, hemoglobin has speci?c absorption spec 
tra, dependent upon its oxidation state, i.e., oxygenated 
hemoglobin (HbO2); and deoxygenated-hemoglobin (Hb). 
By using light sources that transmit near-infrared light at 
speci?c di?ferent Wavelengths, and measuring changes in 
transmitted or re?ected light attenuation, oxygenation con 
centration changes of HbO2 and Hb can be monitored. 

[0005] Total hemoglobin is the summation of the tWo 
states of hemoglobin (Total Hb=HbO2+Hb), and is propor 
tional to relative blood volume changes, provided that the 
hematocrit or hemoglobin concentration of the blood is 
unchanged. The most valuable aspect of NIRS is that it 
alloWs one to continually monitor cerebral oxygenation 
levels in an adult or neonate, especially in diseased condi 
tions, in Which oxygenation levels in the brain can be 
compromised, leading to brain damage or death. 

[0006] It is knoWn that near-infrared light passes through 
the skin and the skull of a neonate readily, and is absorbed 
by certain biological molecules in the brain. Near-infrared 
spectroscopy (NIRS) detects oxygenation changes in bio 
logical tissue (brain, muscle, or other organs) mainly at the 
micro circulation level (capillaries, arterioles, and venuoles) 
based on different absorption characteristics of the chro 
mophores oxyhemoglobin (HbO2) and deoxyhemoglobin 
(Hb) in the near-infrared spectrum (700-1,000 nm). Average 
tissue penetration is 2-3 cm With sub-second time resolution. 

[0007] Another spectrophotometric method, called pulse 
oximetry, determines arterial oxygen saturation (SaO2) of 
peripheral tissue (i.e. ?nger, ear, nose) by monitoring pul 

Jan. 24, 2008 

satile optical attenuation changes of detected light induced 
by pulsatile arterial blood volume changes in the ar‘teriolar 
vascular system. The method of pulse oximetry requires 
pulsatile blood volume changes in order to make a measure 
ment. Since venous blood is not pulsatile, pulse oximetry 
cannot provide any information about venous blood. Con 
versely, NIRS does not require pulsatile blood volume to 
calculate parameters of clinical value. 

[0008] Relative changes of the concentrations of HbO2 
and Hb can be quanti?ed by using the modi?ed Beer 
Lambert LaW, Which takes into account the optical attenu 
ation in a highly scattering medium like biological tissue. 
The modi?ed Beer-Lambert LaW can be expressed as: 

[0009] Wherein A is the optical attenuation in tissue at 
Wavelength L (units: optical density OD); I0 is the incident 
light intensity (units: Wlcm2); I is the detected light inten 
sity; (L is the Wavelength-dependent absorption coef?cient 
of the chromophore (units: OD><cm_l><p.M_l); C is the 
concentration of chromophore (units: uM); d is the light 
source-to-detector distance (units: cm); B is the light scat 
tering dilTerential path length factor (unitless); and G is a 
factor relating to tissue geometry and scattering of light 
(units: OD). 

[0010] Absolute measurement of chromophore concentra 
tion is very dif?cult because G is unknoWn. HoWever, over 
a reasonable measuring period of several hours to days, G 
remains constant, alloWing for the measurement of relative 
changes of chromophore from a Zero reference baseline. 
Thus, if time t2 is an arbitrary time after the start of the 
optical measurement at tl (baseline), di?ferential attenuation 
(A) can be calculated, canceling out the variables G and 10, 
providing that they remain constant. The objective is to 
determine changes in chromophore concentration 
[AC=C(t2)—C(tl)] from A derived from the equation: 

[0011] NIRS algorithms that are designed to calculate the 
relative changes of more than one chromophore use the 
multivariate form of Equation 2. To distinguish betWeen, and 
to compute relative changes in, oxyhemoglobin (AHbO2) 
and in deoxyhemoglobin (AHb), a minimum of tWo di?ferent 
Wavelengths, preferably from narroW spectral bandWidth 
light sources, like laser diodes, are preferred. The units of 
AHbO2 and AHb are in (moles per liter of tissue (uM) Which 
is determined from a dimensional analysis of Equation 1. 

[0012] It Would be desirable to have a reusable NIRS 
transducer assembly having the ability to accurately control 
the energy level and siZe of a laser light ?eld cast upon a 
subject’s skin as Well as improving the light detector signal 
to-noise ratio by employing an improved EMI shielding 
scheme during use of the assembly. It Would be desirable to 
combine light from multiple light sources into a single 
output ?ber optic that is lightWeight, and ?exible, While 
providing sufficient light coupling ef?ciency. It Would be 
desirable to have a transducer dislodgement-laser safety 
interlock system that Would require no extra light source or 
detector components, While having the ability to disable 
laser operation due to transducer attachment failure and laser 
operation failure as Well as a scheme that Will verify secure 
transducer attachment before laser activation. 

(Equation 2); 
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DISCLOSURE OF THE INVENTION 

[0013] This invention relates to an improved transducer 
assembly for use in near-infrared spectroscopy (NIRS) of 
human patients. A prism providing a laser light source 
directing means, and one or more photodiodes are contained 
in a ?exible housing Which can be easily and securely 
attached to a subject’s head, or some other part of the body. 
A rigid light guide placed over the prism provides a constant 
light intensity output of the spectrophotometric measuring 
system during a measuring period, by maintaining a constant 
laser light source to skin distance. A light detection means, 
by utiliZing one or more photodiodes, alloWs for detection of 
laser light at a predetermined distance(s) aWay from the light 
source. The detection of light is improved by implementing 
an EMI shielding scheme that alloWs for attenuation of EMI 
interference While preserving an optical pathWay for light to 
reach the detector via an EMI shielded optically transparent 
rigid WindoW. An improved method of combining light from 
multiple light sources into a single output ?ber optic that is 
lightWeight, and ?exible, While providing su?icient light 
coupling e?iciency for a spectrophotometric measuring sys 
tem is disclosed. An improved transducer dislodgement 
laser safety interlock system is disclosed Which does not 
require extra light source or detector components, While 
having the ability to disable laser operation due to transducer 
attachment failure and laser operation failure as Well as 
verifying secure transducer attachment before laser activa 
tion. 

[0014] The NIRS transducer assembly of this invention 
may consist of tWo separable components, the NIRS trans 
ducer housing containing the laser light source and photo 
diode(s) described above; and a disposable adhesive enve 
lope or pad Which is used to mount the NIRS transducer 
assembly housing easily and securely to the subject’s skin. 
It is economically more feasible to use a non-disposable 
NIRS transducer housing With a disposable envelope rather 
than a disposable NIRS transducer housing, While maintain 
ing all of the advantages of single use, disposable transducer 
applications, especially in a health care environment, in 
Which sanitation and sterilization requirements are para 
mount. 

[0015] The advantage of using a light radiation With a 
narroW spectral bandWidth (<l-3 nm) is maintained. 

[0016] The rigid laser light guide, Which is placed over the 
output WindoW of the laser light redirecting prism, has 
several functions. One function is to further decrease the 
intensity of laser light on the skin of a subject undergoing 
spectrophotometric monitoring by taking advantage of the 
conical radiation characteristics of the laser diode coupled to 
a optical light guide such as a multimode or single mode 
?ber optic. Thus, With an increasing separation distance (r) 
betWeen the laser diode ?ber optic output and the skin 
surface, the intensity (poWer/area) of the laser light 
decreases by a factor of r2. The prism, Which redirects the 
laser-?ber optic output provides most of the separation 
distance from the light source to skin. The use of the laser 
light guide increases the separation distance and thus further 
decreases light intensity on the skin. This is important for 
designing a laser light source based optical transducer 
assembly meant to be directly applied to a human forehead, 
or some other part of the human body. To assure safety for 
the skin and tissue, the laser diode optical transducer assem 
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bly must be designed to operate Within the limitations Which 
are imposed by the “Maximum Permissible Exposure” 
(MPE) values set forth by the American National Standard 
for the safe use of lasers (ANZl36.l-l993). 

[0017] The laser light guide is rigid and provides a planar 
interface betWeen the assembly and the patients skin in 
Which the laser light is illuminating. The light guide controls 
the spacing betWeen the prism and the subject’s skin, and 
therefore controls the incident light intensity IO (from Equa 
tion 1) on the subject’s skin. This is especially important 
When attempting to measure absolute chromophore values as 
determined from Equation 1. 

[0018] One or more photodiodes are also incorporated in 
the NIRS transducer assembly housing, separated from the 
laser diodes light source by from a feW mm to more than 
about 60 mm, depending on the siZe of the subject being 
monitored. For a typical adult human head, it is believed that 
at least 45 mm separation distance is needed for adequate 
brain blood oxygenation monitoring, using a re?ection mode 
type of the NIRS transducer assembly. Multiple photodiodes 
can be used to monitor different depths of blood oxygenation 
in the subject, or can be used as reference detectors for 
algorithms that compensate for the scalp component of the 
detected signals. For neonates, shorter separation distances 
betWeen the laser diodes and the photodiodes of around 20 
m can be used for re?ection mode monitoring, or large 
distances over 60 m can be used for trans-cranial mode 
NIRS transducer assembly. Photodiodes With larger surface 
areas can be used as the laser light source-to-photodiode 
separation distances increase to compensate for the decreas 
ing light levels detected from larger separation distances or 
loWer poWer light sources. 

[0019] A photodiode preampli?er, placed next to the pho 
todiode, or farther aWay as a separate assembly, alloWs for 
ampli?cation of the detected loW light level signal, and then 
provides the ampli?ed signal to the NIRS system processor. 

[0020] A partially optically transparent, and electrically 
conductive shield Which surrounds the photodiode can be 
used to attenuate ambient electromagnetic interference 
(EMI) noise Which is otherWise transmitted to the photo 
diode. A WindoW in the shield exposes the photodiode’s 
photosensitive surface to detected light from the laser 
diodes. The optically transparent electrically conductive 
shield may include a thin metal Wire screen, an electrically 
conductive transparent coating, or the like. By placing an 
optically transparent rigid spacer over the photodiode light 
sensitive surface, further EMI attenuation can be achieved 
by reducing the capacitive coupling betWeen the subject’s 
skin and the photodiode photosensitive surface. 

[0021] The use of a disposable adhesive envelope or pad 
for the purpose of securing the NIRS transducer assembly 
housing to the subject’s skin renders the transducer assem 
bly housing reusable from subject to subject. The disposable 
adhesive envelope or pad can be pre-steriliZed thereby 
providing additional protection to the subject. The dispos 
able envelope or pad Will also protect the NIRS transducer 
assembly housing from any residue from the subject, alloW 
ing the NIRS probe housing surface to remain uncontami 
nated, thus making it safer and easier to reuse. 

[0022] Different NIRS transducer assemblies are designed 
to be interchangeable With different NIRS system proces 



US 2008/0017800 A1 

sors/monitors by incorporation of custom laser diode drivers 
and encoded calibration parameters in a connector housing. 
The NIRS system processor has an interface port for the 
connector housing. The connector housing may contain 
customiZed laser diode automatic poWer control (APC) 
drivers, Which are individually adjusted to provide a prede 
termined laser diode output poWer. By providing encoded 
calibration parameters in the connector housing, the NIRS 
system processor can determine the characteristics of each 
individual NIRS transducer and laser diode characteristics 
by a decoding mechanism, calibrating the NIRS algorithm to 
provide accurate computation with different transducer 
assemblies and individual laser diode characteristics. 

[0023] To minimiZe complexity of the NIRS transducer 
assembly, a single core multimode ?ber optic is used as a 
light guide to transfer laser light from a detachable connec 
tor to the prism inside the transducer housing. A multi-?ber 
optic combiner assembly channels light from multiple laser 
light sources into a single ?ber optic by utiliZing tWo ball 
lenses of predetermined characteristics. The advantage of 
using a ball lens multi-?ber optic combiner is that a smaller 
diameter single core multimode output ?ber optic can be 
used. Use of a smaller core ?ber optic in the cable interfac 
ing the NIRS transducer housing to the detachable connec 
tor, reduces Weight, increases ?exibility, and reduces 
induced torque from bending. 

[0024] The incorporation of several laser safety interlock 
schemes further minimiZes the possibility of unnecessary 
laser light exposure to personnel using the optical trans 
ducer. The safety interlock system inhibits laser diode puls 
ing immediately if the optical transducer is not securely 
attached to the subject. The three interlock schemes include: 
1) monitoring ambient light conditions; 2) monitoring laser 
output range; and 3) monitoring sudden changes in detected 
laser output over a period of time. 

[0025] When the optical transducer is attached properly to 
the subject’s forehead in normal daytime operation, the 
detected ambient light level is loW because the probe body 
shields outside light. When the detected ambient light 
reaches a predetermined level, indicating possible trans 
ducer detachment or improper placement, laser operation is 
inhibited. Accidental probe detachment Will automatically 
shut doWn the laser diodes. 

[0026] For night-time operation of the NIRS system, addi 
tional interlock systems are employed. The light detector in 
the optical transducer continuously monitors the laser diode 
output. If the detected laser signal falls out of a predeter 
mined range, then immediate laser shutdoWn occurs. Also, if 
the detected laser signal suddenly changes a predetermined 
amount over a predetermined time period due to probe 
disruption or detachment, immediate laser shutdoWn Will 
occur. Any event that indicates probe detachment Will 
require user intervention to re-attach the probe and to reset 
the NIRS system laser safety interlock before laser diode 
pulsing can resume. 

[0027] Enabling but non-essential details of the invention 
Will become more readily apparent from the folloWing 
detailed description of the invention When taken in conjunc 
tion With the accompanying draWings in Which: 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1 is a plan vieW of one embodiment of a 
re?ective NIRS transducer assembly Which is formed in 
accordance With this invention; 

[0029] FIG. 2 is a side sectional vieW of the transducer 
assembly of FIG. 1; 

[0030] FIG. 3 is a vieW of the light source portion of the 
embodiment of FIG. 2; 

[0031] FIG. 4 is an enlarged sectional vieW shoWing the 
relationship betWeen the transducer assembly ?ber optic 
laser light source, prism, and rigid light guide With the 
subject’s skin; 

[0032] FIG. 5 is an enlarged sectional vieW of the photo 
diode portion of the transducer assembly of FIG. 2 shoWing 
details of the Wire mesh type EMI shielding mechanisms for 
the photodiodes; 

[0033] FIG. 5A is an enlarged sectional vieW of the 
photodiode portion of the transducer assembly of FIG. 2 
shoWing details of the electrically conductive thin ?lm type 
EMI shielding mechanisms for the photodiodes; 

[0034] FIG. 6 is an enlarged plan vieW of the EMI shielded 
photodiode portion of the transducer assembly of FIG. 2; 

[0035] FIG. 7 is an enlarged sectional vieW of an altema 
tive photodiode packaging shoWing details of the EMI 
shielding mechanisms; 
[0036] FIG. 8 is an enlarged sectional vieW of the photo 
diode With preampli?er ampli?er shoWing details of the EMI 
shielding mechanisms employed; 

[0037] FIG. 9 is a plan vieW of a disposable self-adhesive 
envelope Which is designed for use in containing the trans 
ducer assembly housing of FIG. 1; 

[0038] FIG. 10 is a plan vieW ofa disposable self-adhesive 
pad Which is designed for use in connection With the 
transducer assembly housing of FIG. 1; 

[0039] FIG. 11 is a plan vieW of another embodiment ofa 
re?ective NIRS transducer, in Which the ?ber optic and 
shielded cable leads exit at an angle of 90° from the 
con?guration shoWn in FIG. 1 to form an “L”-shaped 
housing. 

[0040] FIG. 11A shoWs hoW the “L”-shaped NIRS trans 
ducer of FIG. 11 is attached to a neonate’s head. 

[0041] FIG. 12 is a plan vieW of another embodiment of a 
transmissive NIRS transducer assembly Which is formed in 
accordance With this invention; 

[0042] FIG. 13 is a schematic vieW of a NIRS transducer 
assembly formed in accordance With this invention Which is 
associated With a connector housing, laser box assembly, 
encoding and decoding means of calibration parameters, and 
a NIRS system processor; 

[0043] FIG. 14 is schematic vieW of a NIRS transducer 
assembly Which is similar to FIG. 13, but shoWing parti 
tioned laser poWer control drivers and the pre-amp portion 
of the system located in the assembly housing; 

[0044] FIG. 15 is a light ray diagram of the multi-?ber 
optic light combiner assembly; 
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[0045] FIG. 16 shows the details of the multi-?ber optic 
light combiner assembly; 

[0046] FIG. 17 shoWs details of the assembly process of 
the multi-?ber optic light combiner; and 

[0047] FIG. 18 shoWs the details of the employed laser 
safety interlock scheme displayed in ?owchart form during 
normal operation of the NIRS transducer/monitor system 
processor. 

DETAILED DESCRIPTION THE INVENTION 

[0048] Referring noW to the draWings, there is shoWn in 
FIGS. 1 and 2 an embodiment of a re?ective-type NIRS 
transducer assembly Which is denoted generally by the 
numeral 2. The transducer assembly 2 includes a housing 4 
Which contains the components of the transducer assembly 
2. The housing 4 includes a ?exible light-shielding surface 
rubber layer 6 having a ?rst WindoW 8 alloWing light to 
reach the EMI shielded photodiode assembly 18 Which is 
disposed in the housing 4. The surface layer 6 is made of a 
durable material to alloW attachment and removal of a 
disposal adhesive attachment method. A laser light guide 28 
is overlying and optically coupled to the prism 30, Which 
protrudes slightly from surface layer 6. The sides of photo 
diode WindoW 8 and light guide 28 perpendicular to surface 
layer 6 are painted With a light-shielding material to prevent 
optical shunting, i.e., light from entering through the sides of 
the WindoWs. In an alternative embodiment, the surface of 
Window 8 and light guide 28 are ?ush With the exposed 
surface of surface layer 6. Fiber optics 39 direct light from 
remotely located laser diodes to the prism 30 and are secured 
in place by the ?ber optic mount 27. The housing 4 also 
includes a ?exible, electrically and optically insulating body 
24 Which can be formed from rubber or some other suitable 
elastomer, attached to a ?exible support structure 26. The 
light source assembly 20, the EMI-shielded photodiode 
assembly 18, and surface layer 6 are also mounted on the 
?exible support structure 26. Another shielded cable 38 
interconnects the photodiode assembly 18 and the NIRS 
system processor assembly via an interface connector hous 
ing (See FIG. 13). The NIRS system processor analyZes the 
results of the NIRS re?ectance data gathered by the photo 
diode 10. 

[0049] Referring noW to FIG. 3, details of the light source 
assembly 20 is shoWn. The light redirecting prism 30 is 
connected to the rigid light guide 28 Which provides surface 
to-surface contact betWeen the prism 30 and the subject’s 
skin S. The light guide 28 is rigid so that When it is pressed 
against the subject’s skin during the monitoring of blood 
oxygen, the surface S of the skin is ?attened, and the 
distance betWeen the ?ber optic 39 output and the skin 
surface S via the prism 30 is constant across the entire 
illuminated area of the skin. 

[0050] ShoWn in FIG. 4 are the arrangements of the light 
guide 28 and prism 30 demonstrating hoW the distance “r” 
betWeen the laser coupled ?ber optic 39 output and the 
surface S of the subject’s skin can be controlled. First of all, 
it is noted that the planar surface S' of the light guide 28, 
When pressed against the subject’s skin S, Will ?atten the 
contacted area of the subject’s skin S so that the distance “r” 
betWeen the laser coupled ?ber optic 39 and the subject’s 
skin S is constant for the entire skin area Which is illumi 
nated by the light guide 28. The inclusion of the light guide 
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28 With the prism 30 results in the effective length of “r” 
since r rl+r2+r3. Thus, With the light guide plus prism 
arrangement, one can effectively reduce the light intensity of 
the laser coupled ?ber optic 39 output ?eld Which is deliv 
ered to the subject’s skin S. If further attenuation means of 
the laser light ?eld imposed on the skin S' is desired, then the 
light guide 28 may include a selective ?lter 29. The selective 
?lter 29 may consist of a light-attenuating neutral density 
?ltering element, or a light-diffusive element, such as a 
milky White semi-transparent plastic material, or both, in 
combination. 

[0051] FIGS. 5, 5A, and 6 illustrate an ambient EMI 
shielding arrangement for the photodiode detector WindoW 
8. An EMI shielded and optically transparent pane 32 of 
predetermined thickness, is positioned over the light sensi 
tive surface 34 of the photodiode detector 10. The photo 
diode detector 10 includes a light-sensitive element 9 Which 
is disposed in a ceramic cup 11. AWire mesh 36 is embedded 
betWeen tWo optically transparent members 31 and 33, 
Which form the pane 32. The mesh 36 Will alloW at least 
about 60% optical transmission of the re?ected light from 
the laser light source 20 after passage through biological 
tissue to reach the photodiode 10. A non-porous EMI shield 
37, such as an electro-conductive metal foil, surrounds the 
non-light sensitive parts of the housing, including the pho 
todiode lead 23. An electrically conductive gasket 40, such 
as silicone paste, adhesive, foam, or other similar material, 
is used to create an electrical interface betWeen the Wire 
mesh 36 of the EMI shielded pane 32 and the non-porous 
EMI shield 37. 

[0052] In an alternative EMI shielding embodiment, the 
Wire mesh 36 could be placed directly over the photodiode 
light sensitive surface 34, and an optically transparent, 
electrically insulating pane 32 having a predetermined thick 
ness, formed from a material such as glass, could then be 
placed over the Wire mesh 36. 

[0053] FIG. 5A shoWs an alternative embodiment in Which 
the Wire mesh 36 and loWer optical member 33 are replaced 
With a thin optical member 48 that is coated With an 
electrically conductive, optically transparent thin ?lm on 
one side. The electrically conductive ?lm of thin optical 
member 48 is electrically interfaced to the non-porous EMI 
shield 37 by electrically conductive epoxy, adhesive, paste, 
or the like. In an alternative embodiment, the optical mem 
ber 31 may be coated With an electrically conductive, 
optically transparent thin ?lm on the side facing the photo 
diode 10. 

[0054] FIG. 7 shoWs hoW a photodiode packaged in the 
“can” style package 45 can be EMI shielded by applying a 
Wire mesh or thin ?lm EMI shield 41 over the photodiode 
package “can” aperture. An electrically insulating, optically 
transparent WindoW 43 Would then cover the EMI shield 41. 

[0055] FIG. 8 shoWs a preampli?er 76 placed next to 
photodiode 10, and enclosed in the EMI shielding structures 
similar to those described in FIG. 5 through FIG. 7. 

[0056] These shielding structures reduce undesirable EMI 
generated noise, and improve the signal to noise ratio of the 
photodiode by two different methods. The Wire mesh 36 or 
electrically conductive ?lm 48 in combination With the 
non-porous electro-conductive material 37 creates a Faraday 
Cage around the photodiode 10, While alloWing light to 
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reach the photodiode 10 light-sensitive surface 34. By using 
an EMI attenuating optically transparent pane 32 of a 
predetermined thickness, preferably of about 1 mm or 
greater, further EMI attenuation is attained by increasing the 
photodiode-to-biological tissue separation distance. This 
optically transparent spacer reduces the capacitance betWeen 
the photodiode light sensitive surface 34 and the biological 
tissue, such as human skin, resulting in the increased reduc 
tion in electromagnetic coupling and generated noise cur 
rents When compared to using the Faraday Cage shielding 
method Without the optical spacer. 

[0057] To construct the EMI shielded optical sensor, com 
mercially available EMI shielded Wire mesh WindoWs from 
Chomerics (Wobum, Mass.) can be used. Chomerics “EMI 
CLARE”TM GP 70 EMI shielded WindoWs provide 60 to 
70% light transmission, With different pane thicknesses of 
1.66 mm; 2.00 mm; and 3.00 mm being available. The 
transparent panes 32 and the mesh 36 need to be siZed to 
close the WindoW 8 and cover the light-sensitive surface 34 
of the photodiode 10, Which surface 34 can range in siZe 
from four square mm to one hundred square mm. Alterna 
tively, Chomerics “WIN-SHIELD”TM AgF8 conductive ?lm 
can be used in place of the Wire mesh WindoW. This 
conductive ?lm is 0.2 mm thick and has similar optical 
properties as the mesh WindoW. In another embodiment, a 
copper mesh Wire cloth like material from Sefar America, 
Inc. (Briarcliif Manor, NY.) can be used as an EMI shield 
over the photodiode photosensitive surface. 

[0058] Referring noW to FIGS. 9 and 10, there are shoWn 
tWo different types of discardable or disposable adjunct 
adherence devices that can be used in conjunction With the 
transducer assembly 2. FIG. 9 shoWs an envelope 42 Which 
can be used to house the assembly 2. The envelope 42 has 
tWo transparent plastic WindoWs or open apertures 44 and 46 
Which are siZed and positioned to be in registry With light 
source assembly 20, and With the photodiode assembly 18, 
respectively. The transducer assembly 2 is inserted into the 
envelope 42 through an opening 48. The transparent WindoW 
version of envelope 42 is used if the rigid laser light guide 
28 and photodiode WindoW 32 are ?ush With upper surface 
layer 6. The open aperture WindoW version of envelope 42 
is used if the rigid laser light guide 28 and photodiode 
WindoW 32 protrude slightly from the upper surface layer 6 
as shoWn in FIG. 1, With the respected WindoWs locking into 
place. The envelope 42 also includes several clasps 50 that 
are used to secure the assembly 2 in place in the envelope 42. 
The surface 52 of the envelope 42 is formed from, or coated 
With, an adhesive material. The envelope 42 is preferably 
formed from a light-impermeable material such as rubber or 
black plastic. This prevents light from directly traveling 
betWeen the laser diodes and the photodiode (i.e., no optical 
shunting) Which could occur With a transparent envelope. 

[0059] FIG. 10 shoWs a disposable or discardable adhesive 
pad 54 Which can be releasably adhered to the transducer 
assembly 2 and to the subject’s skin. The pad 54 is prefer 
ably formed from rubber or black plastic, and includes 
opposed adherent surfaces such as 60 Which enable the pad 
54 to be adhered to the transducer assembly 2 and to the 
subject’s skin S. The pad 54 has tWo transparent plastic 
WindoWs or open apertures 56 and 58 Which are siZed and 
positioned to be in registry With the light source assembly 
20, and With the EMI shielded photodiode assembly 18, 
respectively. The transparent WindoW version of pad 54 is 
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used if the rigid laser light guide 28 and photodiode WindoW 
32 are ?ush With upper surface layer 6. The open aperture 
WindoW version of pad 54 is used if the rigid laser light guide 
28 and photodiode WindoW 32 protrude slightly from the 
upper surface layer 6 as shoWn in FIG. 1, With the respective 
WindoWs ?tting through their respective open apertures. The 
envelope 42 and the pad 54 are both sterile prior to use, and 
can be discarded after being removed from the patient. 

[0060] FIG. 11 shoWs an alternative embodiment of the 
NIRS transducer assembly of FIG. 1 in Which the ?ber optic 
light guide 39 and shielded cable 38 exit the transducer 
housing 4 on the side, giving the probe assembly an “L” 
shape. A support appendage 21 further secures the ?ber 
optics 39 and cable 38 to the transducer housing 4. Recessed 
cutouts 7 in the housing 4 as shoWn alloW for added 
?exibility of the optical transducer 2 When applied to curved 
surfaces such as the head or body appendage. This “L” 
shaped NIRS optical transducer is especially useful for brain 
oxygenation monitoring on aWake neonates and aWake 
adults by alloWing the ?ber optics 39 and cable 38 to come 
off the subject over the croWn of the head (see FIG. 11A) as 
opposed to the side of the subject’s head When the transducer 
assembly is placed on the forehead. The ?ber optics 39 and 
cable 38 are out of grasping range of a neonate’s hand, 
reducing possible transducer disturbance. Also, the trans 
ducer is less likely to be disturbed When the neonate sleeps 
on his or her side, Which may result in the neonate sleeping 
on the NIRS transducer ?ber optic-shielded cable leads. 

[0061] FIG. 12 shoWs an embodiment of a NIRS trans 
ducer assembly formed in accordance With this invention 
Which is suitable for use With neonates. In this embodiment, 
the EMI shielded photodiode assembly 18 is contained on 
one shielded pod 13, and the light source assembly 20 is 
contained in another pod 15. The pods 13 and 15 are 
connected by the cable 38, and the ?ber optic cable 39 
extends from the pod 15 to the controller. The length of the 
cable 38 is suf?cient to alloW the pods 13 and 15 to be 
attached to opposite sides of the neonate’s head to alloW the 
monitoring of cerebral blood oxygenation. 

[0062] FIG. 13 illustrates the components of a NIRS 
transducer assembly connector housing 62 Which enables 
interchangeability of the laser diodes and other components. 
The laser box housing 90 contains laser diode automatic 
poWer control drivers 64 Which interface With the laser 
diodes 14. A laser diode sequencer control 66 forms a 
portion of the NIRS system processor 68 and provides 
multiplexed pulsing of the laser diodes 14. Each laser diode 
poWer output is adjusted by its respective automatic poWer 
control driver. There are three different laser diode pin-out 
con?gurations available, each of Which requires different 
types of automatic poWer control drivers. Thus, incorpora 
tion of the automatic poWer control drivers 64 in the laser 
box housing 90 provides ?exibility in the selection of the 
laser diodes 14. 

[0063] The laser box housing 90 also contains a calibra 
tion parameter encoding mechanism 70, along With NIRS 
transducer encoded parameter mechanism 92, Which pro 
vides the NIRS system processor With necessary information 
relating the laser box housing and NIRS transducer assem 
bly characteristics. The calibration parameters include: laser 
diode Wavelength; coef?cients relating to the change in laser 
diode Wavelength over temperature changes; laser diode 
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automatic power control feedback monitor current and cor 
responding laser poWer output; transducer light source to 
photodiode separation distance; encoding coef?cients indi 
cating the type of NIRS transducer speci?cally intended to 
be used on a certain type of biological tissue, subject body 
part, or certain subject species; and other information as 
needed about the characteristics of the individual NIRS 
transducer assembly being employed. The calibration 
parameters may be encoded by the use of resistors of 
predetermined values, programmable read only memory 
devices, bar codes, or other suitable encoding instrumen 
talities. The encoded information is transmitted to a decoder 
74 in the system processor 68. 

[0064] The NIRS assembly detachable connector 91 
alloWs for attachment and removal from the laser box 
housing 90. A ?ber optic coupler 93 provides an interface for 
the single core ?ber optic 39 of the NIRS transducer 
assembly and laser box 90. Similarly, the shielded cable 
coupler provides an interface for the photodiode output to 
the laser box and a second cable coupler 104 provides an 
interface to the transducer encoded parameters 92. 

[0065] In an alternative connector assembly embodiment 
shoWn in FIG. 14, the automatic poWer control drivers 64 
may be separated into adjustable components 80, and non 
adjustable components 82. In this embodiment, the adjust 
able components 80 are disposed in the connector housing 
62 and the non-adjustable components 82 are incorporated 
into the NIRS system processor 68. The adjustable compo 
nents 80 include variable potentiometers, Which are used in 
adjusting the laser poWer output. The non-adjustable com 
ponents 82 consist of ?xed semiconductor and discrete 
electronic components, and are typically resistors and 
capacitors. The connector housing 62 also contains a cali 
bration parameter encoding mechanism 70 Which provides 
the NIRS system processor With necessary information 
relating the NIRS transducer assembly characteristics, as 
described previously. 

[0066] Aphotodiode preampli?er 76 may be located in the 
connector housing 62 as shoWn in FIG. 13 for providing 
ampli?cation of the light level signal from the EMI-shielded 
laser diode assembly 14 and transmitting the ampli?ed 
signal to a signal processing and laser safety interlock 
control portion 78 of the NIRS system processor 68. FIG. 14 
shoWs an alternative placement of the preampli?er 76, 
Which can be integrated With, or placed next to, the photo 
diode 18 inside the transducer assembly 2. A preampli?er 
poWer cable 84 supplies poWer to the preampli?er 76. 

[0067] The multi-?ber optic combiner assembly 100 
shoWn in FIG. 13 and FIG. 14 alloWs for multiple laser light 
sources of different Wavelengths to be coupled into a small 
diameter core ?ber optic output 39 leading to transducer 
housing 2. The multi-?ber optic combiner assembly 100 is 
expanded in FIGS. 15-17 to shoW more detail. FIG. 15 
shoWs the basic principle of using tWo ball lenses to focus 
light from the larger diameter ?ber optic bundle 110 into a 
smaller diameter single core multimode ?ber optic 116. Ball 
lens 112 refracts and collimates light from input ?ber bundle 
110, as shoWn by light rays 111. Ball lens 114 focuses the 
collimated light at, or just outside of, its surface into a small 
spot onto output ?ber 116, as shoWn by light rays 113. Ball 
lens 114 has a higher refractive index “n” than ball lens 112 
so as to focus the light onto a smaller diameter output ?ber. 
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Ball lens 114 may also have a smaller spherical diameter to 
further refract the light to a smaller spot siZe. The numerical 
aperture “NA” of the output ?ber 116 is greater than or equal 
to the input ?ber bundle 110, so as to alloW maximum 
coupling of light to the output ?ber 116. 

[0068] FIGS. 16 and 17 shoW a representative example of 
a multi-?ber optic combiner assembly 100. Four individual 
multimode ?ber optics (0.39 NA, 200 um core diameter, 
from 3M Company, St. Paul, Minn.) coupled to four differ 
ent Wavelength laser diodes are bundled together to form an 
input ?ber bundle 110 With an outside diameter of 555 um. 
Output ?ber 116 is preferably a single multimode ?ber optic 
With a core diameter of 300 um and an overall core/cladding 
diameter of 325 pm (0.39 NA, from 3M Company, St. Paul, 
Minn). The ball lens 112 can be made of BK7 glass Which 
has a refractive index (n) of 1.52. The spherical diameter of 
the ball lens 112 is preferably 4 mm, Which is trimmed into 
a drum shape With a diameter on one axis of 3.2 mm. The 
ball lens 114 preferably has a spherical diameter of 3.2 and 
is preferably made of sapphire Which has a refractive index 
(n) of 1.77. The laser pigtailed input ?ber light coupling 
ef?ciency into the output ?ber With the ball lens arrangement 
is about 55 to 60%. Using anti re?ective coatings on the ball 
lenses can further improve the coupling ef?ciency. 

[0069] The input ?ber bundle 110 terminates in a SMA 
905 type ?ber optic connector 118 and the output ?ber optic 
116 terminates in a second SMA connector 124. To assemble 
together, connector 124 is inserted into SMA coupler assem 
bly consisting of coupler components 120, 122, and 126. 
The ball lenses, having an outside diameter of 3.2 mm slide 
snugly into the 3.2 mm inside diameter of the SMA coupler 
assembly, centering the ball lenses to the ?ber optic center 
axis. AholloW spacer 128 is inserted next to ball lens 112 to 
focus the input ?ber bundle 110 light onto output ?ber 116. 
Alternatively, an adhesive can be used to secure the ball 
lenses into position. In an alternative embodiment, a spacer 
128 can be inserted betWeen the ball lens 114 and the output 
connector 124 for focusing purposes. Finally, an input 
connector 118 is inserted snugly into the SMA coupler 
assembly. The advantages of this assembly are that standard 
components are used, With automatic ball lens centering on 
the ?ber optic light transmission axis, and one-step align 
ment With the spacer 128. 

[0070] The NIRS transducer assembly 2 of this invention 
operates as folloWs. The assembly 2 has a multiplexed laser 
diode ?ring system in Which only one laser diode at a time 
(emitting one Wavelength) is pulsed “ON” and is modulated 
at a predetermined carrier frequency. The automatic poWer 
control (APC) drivers 64 for the laser diodes 14 Will also 
operate at the predetermined modulation rate While main 
taining the tight poWer tolerance. There is a dark period in 
Which all of the laser diodes 14 Will be “OFF”, alloWing for 
offset voltages to be sampled and subtracted. The duration of 
the dark period is usually much longer than the time period 
When the laser diodes are “ON”. Thus, the overall duty cycle 
of the laser diodes is small. The photodiode located in the 
NIRS probe detects the laser light that irradiates the bio 
logical tissue. A transimpedance photodiode preampli?er 
converts the detected light to a voltage. A band pass ?lter of 
predetermined bandWidth, centered on the carrier frequency 
Will be the ?rst step in ?ltering out noise from the detected 
signal. Demodulation of the detected signal further attenu 
ates noise and removes the carrier frequency. An adjustable 
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gain ampli?er will be used to increase the detected light 
levels to the desired range. An analog-to-digital converter 
demultiplexes each wavelength, the converter being con 
trolled by timing circuitry that is synchronized with the laser 
diode pulsing. The data obtained is processed by a computer 
by use of a multivariate Modi?ed Beer-Lambert Law algo 
rithm which calculates the physiological parameters of inter 
est. The determined physiological parameters: (Hb), 
(HbOz), and (Total Hb) are displayed on a monitor. 

[0071] The NIRS algorithm employed by the assembly of 
this invention is based on a multivariate form of the Beer 
Lambert Law which is expressed in a matrix form since 
three laser diodes are employed. Relative changes of the 
concentrations of HbO2 and Hb can be quanti?ed by using 
the modi?ed Beer-Lambert Law, which takes into account 
the optical attenuation in a highly scattering medium like 
biological tissue. Absolute measurement of chromophore 
concentration is very challenging because the determination 
of optical attenuation due to scattering losses is di?icult. 
However, by measuring differential optical attenuation from 
an initial baseline, optical attenuation due to scattering is 
canceled out. The multivariate form of the modi?ed Beer 
Lambert Law requires that optical attenuation needs to be 
measured at least two different wavelengths to determine the 
two unknown chromophores (HbO2 and Hb). If the number 
of wavelengths used is equal to the number of chromophores 
of interest, then the solution can be solved by Cramer’s Rule. 
If the number of wavelengths used is greater than the 
number of chromophores of interest, as in the case of the 
NIRS system described above, a least squares multi linear 
regression method is used in the algorithm to solve for the 
chromophores of interest. In theory, the greater the number 
of measurement wavelengths the more increased reduction 
of errors in the determination of the chromophore concen 
tration is achieved. Thus, the use of three laser diodes to 
measure two chromophores, as described above, will result 
in a more accurate measurement of the two chromophores. 
It will be appreciated that the system described above could 
also be modi?ed to measure a third chromophore in bio 
logical tissue, such as cytochrome. 

[0072] The laser intensity utiliZed will be far below the 
threshold indicated in ANSIZ 136.1-1993 for cases of acci 
dental eye exposure. This is because of the conical radiation 
pattern, low duty cycle, and the low power level of the laser 
light. The incorporation of a laser safety interlock further 
minimiZes the possibility of laser light exposure to personnel 
using the NIRS system. The safety interlock system inhibits 
laser diode pulsing immediately if the NIRS assembly is not 
securely attached to the subject. 

[0073] FIG. 18 shows a ?ow chart that demonstrates the 
operation of the laser safety interlock. When the NIRS 
optical transducer is secured to the patient, the user will turn 
the lasers “ON”. Before the lasers are allowed to activate, 
the detected ambient light is analyZed to determine if the 
ambient level is above or below a predetermined limit. If 
above the limit, then the lasers will be inhibited from 
operating. Otherwise, the lasers will be allowed to power up. 
When the lasers are at full power, the detected laser light 
level determined from the receiver photodiode 10 after 
propagation through biological tissue will be analyZed. If 
any of the lasers are above or below a predetermined range, 
then all the lasers will be shut down. Otherwise the lasers 
will remain active. 
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[0074] At a predetermined time after the detected laser 
intensity is initially measured at time TO, the laser intensity 
will be re-measured at time T1, and compared to the levels 
at T0. For each laser, the detected intensity at T1 will be 
divided by the intensity at T0: 

Eatio of intensity change (IR)=Laser n (T 1)/Laser n 
O 

[0075] Normally the ratio of intensity change IR will be 
near the value of 1. If the optical transducer is disturbed or 
detached, then the detected laser intensity will either 
increase or decrease from the time prior the disturbance. The 
detected intensity changes of the lasers due to a disturbed or 
detached transducer over time period Tl-TO, will be greater 
than the detected intensity changes of the lasers due to 
extreme physiological changes such as a drop in tissue 
oxygenation. Therefore, if IR changes above or below a 
predetermined range over a predetermined time period 
Tl-TO, then the lasers will be shut down. Otherwise the 
lasers will remain active. 

[0076] As shown by the laser interlock ?owchart, the 
ambient light level and laser power will be continually 
analyZed at the predetermined time period AT. The sensi 
tivity of the laser safety interlock can be adjusted by 
selecting the appropriate values for maximum ambient light 
level allowed, range of laser intensity allowed, allowable 
change in IR of the lasers over a period of AT, and/or the 
period AT itself. The advantages of this laser interlock 
scheme are that minimal additional components are needed, 
and the ?owchart can be implemented in software. 

[0077] During optical transducer operation, low laser 
detected light levels would indicate that the laser light 
potentially is radiating in free space, or is obstructed. High 
detected laser light levels would indicate that the assembly 
is loose, by assuming that laser light is re?ecting off the skin 
or an object to the photodiode 10, without passing through 
biological tissue. 

[0078] For normal, daytime operation, ambient light is 
monitoring by measuring the low frequency component (0 to 
20 HZ) of the detected light. This is obtained by low pass 
?ltering the photodiode preampli?er output. When the ambi 
ent light detected reaches a predetermined level, indicating 
possible NIRS assembly detachment, laser operation is 
inhibited. The laser diodes 14 will not pulse until the 
ambient light level is below the set maximum limit, which 
will initially indicate secure assembly attachment during the 
beginning of the monitoring session. Any event that indi 
cates assembly detachment will require user intervention to 
reattach the assembly 2 and to reset the laser safety interlock 
before laser diode pulsing can resume. 

[0079] This method is an improvement by only analyZing 
the changes of laser intensity with one light detector, and not 
the ratio of the laser intensity changes from a re?ection 
detector divided by the laser light intensity changes from an 
output detector over a predetermined measuring period 
Tl-TO. Another improvement is that this method provides 
means to determine if the optical transducer is initially 
securely attached to the subject, before laser activation, by 
monitoring ambient light levels ?rst. Then once the lasers 
are powered, the detected intensities of the lasers are 
checked to verify that they are in a predetermined range. 
This provides additional safety means to check to see if the 
lasers are operating properly and are not radiating at a power 
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and intensity level that is too high or too loW at startup or any 
time during a monitoring session. 

[0080] Since many changes and variations of the disclosed 
embodiment of the invention may be made Without depart 
ing from the inventive concept, it is not intended to limit the 
invention otherWise than as required by the appended 
claims. 

What is claimed is: 
1. An infrared spectrometric monitoring transducer, com 

prising: 

a shielded cable; 

a ?ber optic light guide; 

a transducer housing; 

a light source operable to produce a light signal along a 
plurality of discrete Wavelengths, mounted in the trans 
ducer housing; 

at least one light detector operable to receive light energy 
corresponding to the light signal, mounted in the trans 
ducer housing spaced a distance apart from the light 
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source along a straight line extending the light source 
and the at least one light detector; 

Wherein the shielded cable and the ?ber optic light guide 
are disposed adjacent the light source and the trans 
ducer has an “L” shape formed by the shielded cable 
and the ?ber optic light guide extending outWardly 
from the transducer housing in a direction substantially 
perpendicular to the line betWeen the extending the 
light source and the at least one light detector. 

2. The transducer of claim 1, Wherein the housing includes 
one or more recessed cutouts disposed betWeen the light 
source and the at least one light detector. 

3. The transducer of claim 1 further comprising an adhe 
sive pad attached to the housing. 

4. The transducer of claim 3, Wherein the adhesive pad 
includes openings for the light source and the at least one 
light detector. 

5. The transducer of claim 1 Wherein the housing includes 
an adhesive applied to one surface. 


