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SPECTROSCOPY ILLUMINATOR WITH
IMPROVED DELIVERY EFFICIENCY FOR
HIGH OPTICAL DENSITY AND REDUCED

THERMAL LOAD

FIELD OF THE INVENTION

The present invention relates to illumination devices and
systems for providing a high efficiency of broadband light
delivery to thermally-sensitive or spatially-constrained
environments, and more particularly relates to the embed-
ding of a light source comprised of a white, conversion-
efficient, narrow-angle, light emitting diode with integrated
collimating and light collection optics into a medical cath-
eter for indwelling gastrointestinal placement for the pur-
pose of performing real-time in vivo tissue oxygenation
measurements of mucosal surfaces via visible wavelength
optical spectroscopy, thus avoiding some of the cost, risk,
light level limitations inherent in conventional illuminator
systems.

BACKGROUND OF THE INVENTION

The traditional broadband light sources for optical spec-
troscopy in the near UV, visible, and/or near-infrared wave-
lengths are the fluorescent, incandescent, and arc-lamp
bulbs. Typically, spectroscopy bulb is optically coupled to
the test sample via gratings, lenses, fibers, and/or free-space
transfer. However, such traditional light sources have sig-
nificant native disadvantages, including that: (a) they pro-
duce their light rather inefficiently, wasting a large propor-
tion of the power supplied to them as heat and unusable
wavelengths of light. This is a drawback in devices where
significant local heating (such as medical devices in contact
with tissue) or high power consumption (such as battery
operated devices for field use) are undesirable or
unacceptable, and (b) they emit light over a wide spherical
angle from non-point sources, rendering inefficient any
attempts to direct their light either onto spectroscopy
samples (such as living tissue) or into optical delivery
systems (such as fibers coupled to test samples), which in
turn further raises heat production and power consumption
for any desired level of sample illumination.

These limitations are best appreciated by example. First,
with specific regard to the production of large amounts of
heat, conventional bulbs are inefficient at best. The visible
light output from a conventional incandescent light bulb
represents only 4% of the total power consumed by the bulb.
This conversion efficiency rises to only 14% for so-called
high-output halogen lamps (though the improved efficiency
results in accelerated drift and bulb aging). These efficien-
cies can easily drop farther, by a factor of 5 or more, if one
considers only in-band light used in spectroscopic analysis
(e.g., a 500600 nm light band for hemoglobin analysis) in
determination of the conversion efficiency.

The physical reason for this meager rate of energy con-
version is that tungsten filaments, as well as heated arc lamp
electrodes, operate as blackbody thermal radiators, and thus
radiate mostly infrared radiation, plus a small component of
UV radiation, at any temperature they can withstand. While
in theory an ideal blackbody radiator produces visible light
most efficiently at 6,600 K (11,500° F.), nothing known in
the art remains solid for use as a filament at this temperature,
which exceeds the temperature at the sun’s surface. Even
so-called “high-efficiency” projection-type halogen lamps
must therefore operate far below this ideal temperature,
often operating instead from 2,700 K to 3,500 K (just below
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Tungsten’s melting point of 3,683 K). As a result, such bulbs
typically require 6.9 W of power to produce 5.9 W of heat,
in addition to 1.0 W of light.

Such poor conversion efficiencies result in a high degree
of unwanted thermal output, making conventional bulbs run
hot, and in turn preventing close illumination of the sample
and often relegating bulb-based light sources into fiber-
coupled hot, external, fan-cooled boxes.

Second, with regard to the broad spatial emission, con-
ventional bulbs typically produce light in all directions in the
absence of mirrors or lenses—that is, relatively uniformly
over a full 4 spherical angle. Further, because a filament
has a length and width, the light can no longer be focused to
a point. This broad spatial emission typically makes a direct
coupling of light from a conventional bulb onto a sample, or
into an optical guide, inefficient. For illustration, consider a
1 cm diameter spherical bulb in which light from the bulb’s
filament radiates evenly in all directions. The glass surface
resides approximately 5 mm from the filament in all
directions, for a surface area of the glass sphere of 4/3**1,
or 105 mm?>. The portion of this uniform field of radiated
light reaching a 1 mm diameter sample, placed up against
the bulb glass, measures only 0.79 mm®. Thus, this tiny
sample intercepts (and is thus illuminated by) only 0.2% of
the total light output from the bulb, as given by the ratio
(0.79 mm?*/105 mm?), with 99.8% of the bulbs output
wasted. The less compact a lamp’s source, the more difficult
it becomes to focus and guide its light. This is especially true
for UV fluorescent lamps, where focusing losses are far
higher than for a halogen bulb.

Further, the surface temperature of a halogen bulb often
exceeds 120° C. making a close approximation of a hot bulb
and sample not wise or practical in many cases, especially
if the sample is living or fragile. Moving the sample away
from the bulb, in order to spare the sample from heating,
only worsens the inefficiencies described above. Nor is the
situation improved by separating the bulb and sample using
optical fiber. Directly attaching an optical fiber to the glass
or quartz surface of 1 cm diameter bulb discussed above
(such as by using optical glue) allows the fiber to intercept
and capture only those photons striking the face of the fiber.
A fiber measuring only 100 microns in diameter has a tiny
face area measuring just 0.0079 mm?>. Thus, a 100 micron
fiber, glued to the bulb 5 mm from the filament, collects only
0.002% of the bulb’s emitted light, as given by the ratio
(0.0079 mm?/105 mm?). Even if the diameter of the fiber in
this example were to be enlarged 10 fold, this transfer ratio
would rise to only 0.2% of the bulb’s visible light output that
is intercepted and transmitted to the sample, again with
99.8% of the bulbs output lost and wasted.

All told, when taking into consideration both of the above
limitations, the poor conversion efficiency of energy to light
and the poor transfer efficiency of light to the sample, only
0.0003% of the energy flowing into the 1 cm bulb discussed
above ends up converted to visible light, captured, and
successfully transmitted by a fiber to a tissue sample, for
more than 99.9997% of the total light wasted. Here, we term
the 0.0003% figure of merit the delivered efficiency. Another
way of expressing how poor this net delivered efficiency is,
in fact, is that for the preceding bare-fiber-to-bare-bulb
example, 369,524 watts of energy would have been required
by the bulb for each watt of light delivered to sample or
tissue, with the remainder released and lost as heat. These
limitations of conventional sources are apparent in the art.

Broadband lamp sources or lamp designs are known, and
are used for spectroscopy. Most art regarding illumination
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sources for spectroscopy suggest devices or methods that
describe conventional light sources, although some describe
more exotic lamp sources (e.g., U.S. Pat. No. RE. 29,304).
White LEDs are known (e.g., U.S. Pat. No. 6,252,254, WO
01/01070), however none are suggested as spectroscopic
light sources, and their high conversion efficiency, narrow
angle of emission, and optical stability have not been cited
nor exploited for spectroscopy purposes, especially in medi-
cine for in vivo uses, save merely that they have been
mentioned in passing for the purpose of general non-
spectroscopic endoscopic illumination (U.S. Pat. No. 6,251,
068). Several schemes for reducing heat production or for
transmitting light to a sample are known (e.g., such as light
conducting rods in U.S. Pat. No. 5,974,210), but none with
the purpose of improving the efficiency of delivery, nor are
these sources specifically designed to operate as cool spec-
troscopic illuminators with high delivery efficiency.

With specific regard to medical probes coupled to or
embedded with light sources, a number of systems are
known. Examples include invasive or tissue surface moni-
toring devices equipped with fiber optics, such as catheters,
needles, and trocars (e.g., U.S. Pat. Nos. 5,280,788, 5,931,
779), as well devices containing the light source itself (e.g.,
U.S. Pat. Nos. 5,645,059, 5,941,822, WO 00/01295). These
systems typically completely ignore the complex issues of
broadband illumination source design, suggesting only that
known or existing light sources can be used rather than
proposing improved illumination sources, and none of these
systems consider specifically design issues regarding design
and deployment of broadband optical light sources, espe-
cially with regard to conversion efficiency, source efficiency,
and heat transfer to the sample, nor do they propose any
specific or novel high delivery efficient optical sources.

Therefore, all of the above illumination systems and
methods suffer from one or more limitations noted above, in
that they are either narrow band emitters (such as lasers or
filtered spectra), they are not configured to deliver light with
a high efficiency, they have obligatory high local heating of
the sample, they couple relatively poorly between the bulb
and tissue or sample, they are not appropriate to be placed
in close proximity to samples, and/or they ignore or omit
design considerations regarding illumination efficiency and
density, and thus fail to reliably provide an improved illu-
mination source for the performance of spectroscopy in
thermally sensitive samples, such as living tissues, or in
spatially constrained geometries, such as through fibers and
needles.

None of the above systems suggest or teach a method and
system to more efficiently deliver light to tissue or spectros-
copy samples without damaging delicate samples, in order
to produce a more efficient and/or high density illumination
for the performance of spectroscopy in thermally sensitive
samples, such as living tissues, or in spatially constrained
geometries, such as through fibers and needles, such as for
identifying tissue by type or state or for monitoring the
oxygenation of living tissues, in vivo and in real time. A
delivery-optimized, reduced heat, high-density illuminator
for real-time in vivo spectroscopic applications has not been
taught, nor has such a tool been successfully commercial-
ized.

SUMMARY AND OBJECTS OF THE
INVENTION

The present invention relies upon the knowledge of the
design considerations needed to achieve a high efficiency
delivery, high illumination-density broadband illuminator,
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allowing for reduced power consumption and/or heat pro-
duction (these in turn facilitating deployment on or within a
spectroscopic lab-on-a-chip, microdevice, or medical probe)
so as to provide improved illumination for spectroscopy,
with such benefits as more efficient light delivery, higher
delivered intensities, reduced thermal transfer to the sample,
more stable light levels, and/or allowing implementation of
a light source more simply and inexpensively than has been
achieved in a similar device and/or configuration using a
conventional incandescent light bulb.

A salient feature of the present invention is that, while the
production of broadband light is often currently associated
with poor delivery efficiency of that light to a target sample,
the delivered optical power can be beneficially increased
through more efficient illuminator design, rather than by
merely increasing the power of the light source (which also
can increase heating, reduce stability, and shorten bulb life),
and that those design choices include use of bulbs with
integrated lenses, high conversion efficiency solid-state
white or broadband LED light sources, and/or lensed optical
fiber couplers in such cases where light must be transmitted
by optical fiber.

Another salient feature is that, while light from a bare or
reflectorized conventional bulb couples inefficiently into
optical light guides or onto tissue, the effective light delivery
can be improved by the use of specialized optics deployed
within the light bulb or light source itself, thus allowing for
a high density light delivery using optical guides such as
fibers, by use of a source with a non-spherical output, or by
deploying a low-heat source directly within the medical
probe or device itself.

Another salient feature is that, while the production of
broadband illumination is often accompanied by the pro-
duction of significant unwanted heat (and that this heat
frequently limits how and where a light source can be
deployed), the waste heat produced for a given level of
desired light incident upon the sample can be beneficially
reduced by light source design choices that reduce the input
power required to deliver a set amount of light power to the
sample, such as more efficient coupling of a bulb to a fiber,
or from the use of lower-heat light sources such as LEDs.

A final salient feature is recognition that low-heat sources
frequently exhibit greater inherent optical stability than their
conventional lamp counterparts, even without stabilizing
feedback optics and electronics.

Accordingly, an object of the present invention is to
provide an optical illuminator with an improved delivery
efficiency over a conventional high-efficiency halogen
projection-type bulb—that is, with an overall delivery effi-
ciency at least twice as good, and ideally 25 times or more
better, than a typically achieved by a comparable free-space
coupled or fiber-coupled halogen bulb.

Another object of the invention is to provide an improved
illumination density as compared to a conventional high-
efficiency halogen projection-type bulb—that is, with an
illumination density at least twice that, and ideally 5 times
or more better, than typically achieved by a conventional
bare free-space coupled or fiber-coupled halogen bulb, most
preferably exceeding a continuous visible broadband power
density of 10 mW/mm? for needle-based illumination for
direct illumination.

Another object is to provide a white or broadband LED
with sufficiently reduced local heating as to allow integra-
tion directly into small probes, devices, and even onto
spectroscopy lab-on-a-chip microchips—that is, with a
reduction in heat produced per mW of light delivered to the
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sample by at least 5-fold, and by as much as 200-fold or
more, than typically achieved by a conventional bare halo-
gen bulb either free-space coupled or fiber-coupled to a
sample region.

Aunother object is to provide for probes and systems with
integrated illuminators, delivery optics, as well as including
light collection optics to collect and/or transmit light return-
ing after interaction with the sample, while still meeting or
exceeding the improvement criteria for improved illumina-
tors as described herein.

The improved illuminator as described has multiple
advantages.

One advantage is that an illuminator with sufficiently
reduced heat production for a given level of target sample
illumination may now be safely deployed within an instru-
ment in proximity or in contact with sensitive samples, such
as for use inside, or in contact with, living tissue, wherein
use of conventional light sources would have otherwise
resulted in thermal tissue injury from the light source, or
required the source intensity to be reduced to such low levels
that spectroscopy would have required unacceptably long
integration times. In some cases, the improved illuminator
may incorporate white LEDs as a light source, with as low
as 20 mW of heat produced per mW of usable light delivered
to the sample.

Another advantage is that bulb light sources can still be
employed, but lens coupled to optical fibers rather than
bare-bulb coupled to fibers, and then the bulb source can be
deployed at a distance, to provide high-density light that is
delivered relatively efficiently, as compared to coupling of
the same bulb in the absence of transfer optics, thus requir-
ing substantially less power to achieve a given power
density at the sample. This high-density light can then be
delivered to the sample using an insulating optical fiber,
without the need for cooling of a high-thermal output source
near the sample. The high-thermal output light source also
can produce less heat due to the more efficient coupling of
optical power into the fiber.

A final advantage is that high-efficiency illuminators, by
virtue of their lower power consumption, can in some cases
use integrated power sources, such as alkaline batteries, to
allow for complete electrical separation of a probe tip from
a medical system connected to the probe, despite the pres-
ence of an electrically-powered illuminator on or in the
patient.

There is provided an illuminator for generating broadband
light, and for delivering this light to a sample, with higher
efficiency than conventional bare or fiber coupled light
sources, for the purpose of enabling spectroscopic analysis.
In one example, the system uses a phosphor-coated white
LED and integrated collimating optics to produce
continuous, broadband light from 400 nm to 700 nm in a
collimated beam, which can then be transmitted through free
space to a sample, such as a target tissue, resulting in a high
efficiency delivery of light to the target tissue. The efficient
conversion of power to light, and the high delivery
efficiency, combine to allow this illuminator to remain cool
during operation, further allowing it to be integrated into the
tip of a medical instrument, where then broadband illumi-
nator can illuminate living tissue. Scattered light, returning
from the sample, can be collected by an optional optical
output fiber, deployed within the source optics, for transfer
and analysis via an optional analysis system. Medical probes
and systems incorporating the improved illuminator and
medical methods of use are also described.

The breadth of uses and advantages of the present inven-
tion are best understood by example, and by a detailed
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explanation of the workings of a constructed apparatus, now
in operation and tested in model systems, animals, and
humans. These and other advantages of the invention will
become apparent when viewed in light of the accompanying
drawings, examples, and detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings are provided:

FIG. 1 is a schematic diagram of an illuminator incorpo-
rating a white LED and constructed in accordance with the
invention.

FIG. 2 shows the improved illuminator of FIG. 1 as
incorporated into a medical catheter.

FIG. 3 is a drawing of a medical monitor to which the
probe of FIG. 2 is attached to form a complete medical
system.

FIGS. 4A-4D show additional medical probes incorpo-
rating the improved illuminator.

FIG. 5 is a schematic diagram of an illuminator incorpo-
rating an internally-lensed halogen bulb and constructed in
accordance with the invention.

FIG. 6 shows the improved illuminator of FIG. 5§ as
incorporated into a medical catheter.

FIG. 7 shows data from the colon of a live human subject
during periods of low arterial oxygen in vivo, as collected
and analyzed in real time by a medical monitor to which the
catheter of FIG. 6 is attached.

DEFINITIONS

For the purposes of this invention, the following defini-
tions are provided:

Real Time: A measurement performed in a few minutes or
less, and preferably in under 10 seconds. In medical or
surgical use, such real-time measurements allow a procedure
or a treatment plan to be modified based upon the results of
the measurement.

In Vivo: Ameasurement performed on tissues on or within
a living animal, plant, viral, or bacterial subject.

Sample: Material illuminated by a light source for spec-
troscopic analysis. A sample may be living tissue.

Tissue: Sample material from a living animal, plant, viral,
or bacterial subject, with an emphasis on mammals, espe-
cially humans.

Target Tissue: A tissue or cell type to be detected, imaged,
or studied. In the accompanying examples, one target tissue
is human colonic mucosal capillary hemoglobin, while
another is an ablated tumor growth.

Sample or Target Region: A physical region at which a
sample or tissue to be analyzed is to be placed. The target
region is the area illuminated for spectroscopic analysis.

Target Tissue Signal: An optical signal specific to the
target tissue. This signal may be enhanced through use of a
contrast agent. This signal may be produced by scattering,
absorbance, phosphorescence, fluorescence, Raman effects,
or other known spectroscopy techniques.

Scattering Sample: Material that scatters light as a sig-
nificant feature of the transport of photons through the
sample. Most tissues in vivo are scattering samples.

Light: Electromagnetic radiation from ultraviolet to
infrared, namely with wavelengths between 10 nm and 100
microns, but especially those wavelengths between 200 nm
and 2 microns, and more particularly those wavelengths
between 450 and 650 nm.
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