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WEARABLE DEVICES COMPRISING 
SEMICONDUCTOR DIODE LIGHT 

SOURCES WITH IMPROVED 
SIGNAL-TO-NOISE RATIO 

2 
U.S. Pat. No. 9,651,533), which is a continuation of U.S. 
application Ser. No. 14/108,986 filed Dec. 17, 2013 (U.S. 
Pat. No. 9,164,032), which claims the benefit of U.S. pro­
visional application Ser. No. 61/747,487 filed Dec. 31, 2012, 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

5 the disclosures of all of which are hereby incorporated in 
their entirety by reference herein. 

This application is a continuation of U.S. application Ser. 

U.S. application Ser. No. 16/506,885, now U.S. Pat. No. 
10,517,484, is also a continuation of U.S. application Ser. 
No. 16/284,514 filed Feb. 25, 2019, now abandoned, which 

No. 18/103,408 filed Jan. 30, 2023, now U.S. Pat. No. 
11,896,346, which is a continuation of U.S. application Ser. 
No. 17/514,778 filed Oct. 29, 2021, now U.S. Pat. No. 
11,564,577, which is a continuation of U.S. application Ser. 
No. 17/078,771 filed Oct. 23, 2020, now U.S. Pat. No. 
11,160,455, which is a continuation of U.S. application Ser. 
No. 16/722,188 filed Dec. 20, 2019, now U.S. Pat. No. 
10,820,807, which is a continuation of U.S. application Ser. 
No. 16/506,885 filed Jul. 9, 2019, now U.S. Pat. No. 
10,517,484, which is a continuation of U.S. application Ser. 
No. 16/272,069 filed Feb. 11, 2019, which is a continuation 
of U.S. application Ser. No. 16/029,611 filed Jul. 8, 2018, 
now U.S. Pat. No. 10,201,283, which is a continuation of 
U.S. application Ser. No. 15/888,052 filed Feb. 4, 2018 (U.S. 
Pat. No. 10,136,819), which is a continuation of U.S. 
application Ser. No. 15/212,549 filed Jul. 18, 2016 (U.S. Pat. 
No. 9,885,698), which is a continuation of U.S. application 
Ser. No. 14/650,897 filed Jun. 10, 2015, now U.S. Pat. No. 
9,494,567, which is a U.S. National Phase of PCT/US2013/ 
075700 filed Dec. 17, 2013, which claims the benefit of U.S. 
provisional application Ser. No. 61/747,472 filed Dec. 31, 
2012, the disclosures of all of which are hereby incorporated 
in their entirety by reference herein. 

10 is a continuation of U.S. application Ser. No. 16/016,649 
filed Jun. 24, 2018 (U.S. Pat. No. 10,213,113), which is a 
continuation of U.S. application Ser. No. 15/860,065 filed 
Jan. 2, 2018 (U.S. Pat. No. 10,098,546), which is a continu­
ation of U.S. application Ser. No. 15/686,198 filed Aug. 25, 

15 2017 (U.S. Pat. No. 9,861,286), which is a continuation of 
U.S. application Ser. No. 15/357,136 filed Nov. 21, 2016 
(U.S. Pat. No. 9,757,040), which is a continuation of U.S. 
application Ser. No. 14/651,367 filed Jun. 11, 2015 (now 
U.S. Pat. No. 9,500,635), which is the U.S. national phase of 

20 PCT Application No. PCT/US2013/075736 filed Dec. 17, 
2013, which claims the benefit of U.S. provisional applica­
tion Ser. No. 61/747,477 filed Dec. 31, 2012 and U.S. 
provisional application Ser. No. 61/754,698 filed Jan. 21, 
2013, the disclosures of all of which are hereby incorporated 

25 by reference in their entirety. 
This application is related to U.S. provisional application 

Ser. No. 61/747,477 filed Dec. 31, 2012; Ser. No. 61/747, 
481 filed Dec. 31, 2012; Ser. No. 61/747,485 filed Dec. 31, 
2012; Ser. No. 61/747,487 filed Dec. 31, 2012; Ser. No. 

30 61/747,492 filed Dec. 31, 2012; Ser. No. 61/747,553 filed 
Dec. 31, 2012; and Ser. No. 61/754,698 filed Jan. 21, 2013, 
the disclosures of all of which are hereby incorporated in 
their entirety by reference herein. U.S. application Ser. No. 16/506,885, now U.S. Pat. No. 

10,517,484, is also a continuation of U.S. application Ser. 
No. 16/004,359 filed Jun. 9, 2018, now U.S. Pat. No. 
11,109,761, which is a continuation of U.S. application Ser. 
No. 14/109,007 filed Dec. 17, 2013 (now U.S. Pat. No. 
9,993,159), which claims the benefit of U.S. provisional 
application Ser. No. 61/747,553 filed Dec. 31, 2012, the 
disclosures of all of which are hereby incorporated in their 40 

entirety by reference herein. 

This application is also related to International Applica-
35 tion PCT/US2013/075736 entitled Short-Wave Infrared 

U.S. application Ser. No. 16/506,885, now U.S. Pat. No. 
10,517,484, is also a continuation of U.S. application Ser. 
No. 16/188,194 filed Nov. 12, 2018 (U.S. Pat. No. 10,386, 
230), which is a continuation of U.S. application Ser. No. 45 

16/004,154 filed Jun. 8, 2018 (now U.S. Pat. No. 10,126, 
283), which is a continuation of U.S. application Ser. No. 
15/855,201 filed Dec. 27, 2017 (U.S. Pat. No. 9,995,722), 
which is a continuation of U.S. application Ser. No. 15/711, 
907 filed Sep. 21, 2017 (U.S. Pat. No. 9,897,584), which is 50 

a divisional of U.S. application Ser. No. 15/357,225 filed 
Nov. 21, 2016 (U.S. Pat. No. 9,797,876), which is a con­
tinuation of U.S. application Ser. No. 14/650,981 filed Jun. 
10, 2015 (now U.S. Pat. No. 9,500,634), which is the U.S. 
national phase of PCT Application No. PCT/US2013/ 55 

075767 filed Dec. 17, 2013, which claims the benefit of U.S. 
provisional application Ser. No. 61/747,485 filed Dec. 31, 
2012, the disclosures of all of which are hereby incorporated 
by reference in their entirety. 

U.S. application Ser. No. 16/506,885, now U.S. Pat. No. 60 

10,517,484, is also a continuation of U.S. application Ser. 
No. 16/241,628 filed Jan. 7, 2019, now U.S. Pat. No. 
10,441,176, which is a continuation of U.S. Ser. No. 16/015, 
737 filed Jun. 22, 2018 (U.S. Pat. No. 10,172,523), which is 
a continuation of U.S. Ser. No. 15/594,053 filed May 12, 65 

2017 (U.S. Pat. No. 10,188,299), which is a continuation of 
U.S. application Ser. No. 14/875,709 filed Oct. 6, 2015 (now 

Super-Continuum Lasers For Early Detection Of Dental 
Caries; U.S. application Ser. No. 14/108,995 filed Dec. 17, 
2013 entitled Focused Near-Infrared Lasers For Non-Inva­
sive Vasectomy And Other Thermal Coagulation Or Occlu­
sion Procedures (U.S. Pat. App. Pub. No. US2014/ 
0188092Al); International Application PCT/US2013/ 
075767 entitled Short-Wave Infrared Super-Continuum 
Lasers For Natural Gas Leak Detection, Exploration, And 
Other Active Remote Sensing Applications; U.S. application 
Ser. No. 14/108,986 filed Dec. 17, 2013 (U.S. Pat. No. 
9,164,032) entitled Short-Wave Infrared Super-Continuum 
Lasers For Detecting Counterfeit Or Illicit Drugs And Phar­
maceutical Process Control; U.S. application Ser. No. 
14/108,974 filed Dec. 17, 2013 entitled Non-Invasive Treat­
ment Of Varicose Veins (U.S. Pat. App. Pub. No. US2014/ 
018894Al); and U.S. application Ser. No. 14/109,007 filed 
Dec. 17, 2013 entitled Near-Infrared Super-Continuum 
Lasers For Early Detection Of Breast And Other Cancers 
(now U.S. Pat. No. 9,993,159), the disclosures of all of 
which are hereby incorporated in their entirety by reference 
herein. 

BACKGROUND 

With the growing obesity epidemic, the number of indi­
viduals with diabetes is also increasing dramatically. For 
example, there are over 200 million people who have 
diabetes. Diabetes control requires monitoring of the glu­
cose level, and most glucose measuring systems available 
commercially require drawing of blood. Depending on the 
severity of the diabetes, a patient may have to draw blood 
and measure glucose four to six times a day. This may be 
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extremely painful and inconvenient for many people. In 
addition, for some groups, such as soldiers in the battlefield, 
it may be dangerous to have to measure periodically their 
glucose level with finger pricks. 

Thus, there is an unmet need for non-invasive glucose 5 

monitoring (e.g., monitoring glucose without drawing 
blood). The challenge has been that a non-invasive system 
requires adequate sensitivity and selectivity, along with 
repeatability of the results. Yet, this is a very large market, 
with an estimated annual market of over $!OB in 2011 for 10 

self-monitoring of glucose levels. 
One approach to non-invasive monitoring of blood con­

stituents or blood analytes is to use near-infrared spectros­
copy, such as absorption spectroscopy or near-infrared dif­
fuse reflection or transmission spectroscopy. Some attempts 15 

have been made to use broadband light sources, such as 
tungsten lamps, to perform the spectroscopy. However, 
several challenges have arisen in these efforts. First, many 
other constituents in the blood also have signatures in the 
near-infrared, so spectroscopy and pattern matching, often 20 

called spectral fingerprinting, is required to distinguish the 
glucose with sufficient confidence. Second, the non-invasive 
procedures have often transmitted or reflected light through 
the skin, but skin has many spectral artifacts in the near­
infrared that may mask the glucose signatures. Moreover, 25 

the skin may have significant water and blood content. These 
difficulties become particularly complicated when a weak 
light source is used, such as a lamp. More light intensity can 
help to increase the signal levels, and, hence, the signal-to­
noise ratio. 30 

As described in this disclosure, by using brighter light 
sources, such as fiber-based supercontinuum lasers, super­
luminescent laser diodes, light-emitting diodes or a number 

4 
(between the teeth) are among the most susceptible sites of 
demineralization due to acid attack from bacterial by-prod­
ucts in the biofilm. Therefore, there is a need for detection 
oflesions at an early stage, so that preventive agents may be 
used to inhibit or reverse the demineralization. 

Traditional methods for caries detection include visual 
examination and tactile probing with a sharp dental explo­
ration tool, often assisted by radiographic (x-ray) imaging. 
However, detection using these methods may be somewhat 
subjective; and, by the time that caries are evident under 
visual and tactile examination, the disease may have already 
progressed to an advanced stage. Also, because of the 
ionizing nature ofx-rays, they are dangerous to use (limited 
use with adults, and even less used with children). Although 
x-ray methods are suitable for approximal surface lesion 
detection, they offer reduced utility for screening early caries 
in occlusal surfaces due to their lack of sensitivity at very 
early stages of the disease. 

Some of the current imaging methods are based on the 
observation of the changes of the light transport within the 
tooth, namely absorption, scattering, transmission, reflection 
and/or fluorescence of light. Porous media may scatter light 
more than uniform media. Taking advantage of this effect, 
the Fiber-optic trans-illumination is a qualitative method 
used to highlight the lesions within teeth by observing the 
patterns formed when white light, pumped from one side of 
the tooth, is scattered away and/or absorbed by the lesion. 
This technique may be difficult to quantify due to an uneven 
light distribution inside the tooth. 

Another method called quantitative light-induced fluores-
cence-QLF-relies on different fluorescence from solid 
teeth and caries regions when excited with bright light in the 
visible. For example, when excited by relatively high inten­
sity blue light, healthy tooth enamel yields a higher intensity 

35 of fluorescence than does demineralized enamel that has 
of laser diodes, the near-infrared signal level from blood 
constituents may be increased. By shining light through the 
teeth, which have fewer spectral artifacts than skin in the 
near-infrared, the blood constituents may be measured with 
less interfering artifacts. Also, by using pattern matching in 
spectral fingerprinting and various software techniques, the 
signatures from different constituents in the blood may be 40 

identified. Moreover, value-add services may be provided by 
wirelessly communicating the monitored data to a handheld 
device such as a smart phone, and then wirelessly commu­
nicating the processed data to the cloud for storing, process­
ing, and transmitting to several locations. 

been damaged by caries infection or any other cause. On the 
other hand, for excitation by relatively high intensity of red 
light, the opposite magnitude change occurs, since this is the 
region of the spectrum for which bacteria and bacterial 
by-products in carious regions absorb and fluoresce more 
pronouncedly than do healthy areas. However, the image 
provided by QLF may be difficult to assess due to relatively 
poor contrast between healthy and infected areas. Moreover, 
QLF may have difficulty discriminating between white spots 

Dental care and the prevention of dental decay or dental 
caries has changed in the United States over the past several 
decades, due to the introduction of fluoride to drinking 
water, the use of fluoride dentifrices and rinses, application 

45 and stains because both produce similar effects. Stains on 
teeth are commonly observed in the occlusal sites of teeth, 
and this obscures the detection of caries using visible light. 

of topical fluoride in the dental office, and improved dental 50 

hygiene. Despite these advances, dental decay continues to 
be the leading cause of tooth loss. With the improvements 
over the past several decades, the majority of newly discov­
ered carious lesions tend to be localized to the occlusal pits 
and fissures of the posterior dentition and the proximal 55 

contact sites. These early carious lesions may be often 
obscured in the complex and convoluted topography of the 
pits and fissures or may be concealed by debris that fre­
quently accumulates in those regions of the posterior teeth. 
Moreover, such lesions are difficult to detect in the early 60 

stages of development. 
Dental caries may be a dynamic disease that is charac­

terized by tooth demineralization leading to an increase in 
the porosity of the enamel surface. Leaving these lesions 
untreated may potentially lead to cavities reaching the 65 

dentine and pulp and perhaps eventually causing tooth loss. 
Occlusal surfaces (bite surfaces) and approximal surfaces 

As described in this disclosure, the near-infrared region of 
the spectrum offers a novel approach to imaging carious 
regions because scattering is reduced and absorption by 
stains is low. For example, it has been demonstrated that the 
scattering by enamel tissues reduces in the form of 1/(wave­
length)3, e.g., inversely as the cube of wavelength. By using 
a broadband light source in the short-wave infrared (SWIR) 
part of the spectrum, which corresponds approximately to 
1400 nm to 2500 nm, lesions in the enamel and dentine may 
be observed. In one embodiment, intact teeth have low 
reflection over the SWIR wavelength range. In the presence 
of caries, the scattering increases, and the scattering is a 
function of wavelength; hence, the reflected signal decreases 
with increasing wavelength. Moreover, particularly when 
caries exist in the dentine region, water build up may occur, 
and dips in the SWIR spectrum corresponding to the water 
absorption lines may be observed. The scattering and water 
absorption as a function of wavelength may thus be used for 
early detection of caries and for quantifying the degree of 
demineralization. 
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SWIR light may be generated by light sources such as 
lamps, light emitting diodes, one or more laser diodes, 
super-luminescent laser diodes, and fiber-based super-con­
tinuum sources. The SWIR super-continuum light sources 
advantageously may produce high intensity and power, as 5 

well as being a nearly transform-limited beam that may also 

rocks, plastics, illicit drugs, counterfeit drugs, firearms and 
explosives, paints, and various building materials. 

Counterfeiting of pharmaceuticals is a significant issue in 
the healthcare community as well as for the pharmaceutical 
industry worldwide. For example, according to the World 
Health Organization, in 2006 the market for counterfeit 
drugs worldwide was estimated at around $43 Billion. 
Moreover, the use of counterfeit medicines may result in 
treatment failure or even death. For instance, in 1995 dozens 
of children in Haiti and Nigeria died after taking counterfeit 
medicinal syrups that contained diethylene glycol, an indus-
trial solvent. As another example, in Asia one report esti­
mated that 90% of Viagra sold in Shanghai, China, was 
counterfeit. With more pharmaceuticals being purchased 

be modulated. Also, apparatuses for caries detection may 
include C-clamps over teeth, a handheld device with light 
input and light detection, which may also be attached to 
other dental equipment such as drills. Alternatively, a 10 

mouth-guard type apparatus may be used to simultaneously 
illuminate one or more teeth. Fiber optics may be conve­
niently used to guide the light to the patient as well as to 
transport the signal back to one or more detectors and 
receivers. 15 through the internet, the problem of counterfeit drugs com­

ing from across the borders into the United States has been 
growing rapidly. 

Remote sensing or hyper-spectral imaging often uses the 
sun for illumination, and the short-wave infrared (SWIR) 
windows of about 1.5-1.8 microns and about 2-2.5 microns 
may be attractive because the atmosphere transmits in these 
wavelength ranges. Although the sun can be a bright and 
stable light source, its illumination may be affected by the 
time-of-day variations in the sun angle as well as weather 
conditions. For example, the sun may be advantageously 
used for applications such as hyper-spectral imaging only 
between about 9 am to 3 pm, and it may be difficult to use 
the sun during cloudy days or during inclement weather. In 
one embodiment, the hyper-spectral sensors measure the 
reflected solar signal at hundreds ( e.g., 100 to 200+) con­
tiguous and narrow wavelength bands (e.g., bandwidth 
between 5 nm and 10 nm). Hyper-spectral images may 
provide spectral information to identify and distinguish 
between spectrally similar materials, providing the ability to 
make proper distinctions among materials with only subtle 
signature differences. In the SWIR wavelength range, 
numerous gases, liquids and solids have unique chemical 
signatures, particularly materials comprising hydro-carbon 
bonds, O-H bonds, N-H bonds, etc. Therefore, spectros­
copy in the SWIR may be attractive for stand-off or remote 
sensing of materials based on their chemical signature, 
which may complement other imaging information. 

A SWIR super-continuum (SC) source may be able to 
replace at least in part the sun as an illumination source for 
active remote sensing, spectroscopy, or hyper-spectral imag­
ing. In one embodiment, reflected light spectroscopy may be 
implemented using the SWIR light source, where the spec­
tral reflectance can be the ratio of reflected energy to 
incident energy as a function of wavelength. Reflectance 
varies with wavelength for most materials because energy at 
certain wavelengths may be scattered or absorbed to differ­
ent degrees. Using a SWIR light source may permit 24/7 
detection of solids, liquids, or gases based on their chemical 
signatures. As an example, natural gas leak detection and 
exploration may require the detection of methane and eth­
ane, whose primary constituents include hydro-carbons. In 
the SWIR, for instance, methane and ethane exhibit various 
overtone and combination bands for vibrational and rota­
tional resonances of hydro-carbons. In one embodiment, 
diffuse reflection spectroscopy or absorption spectroscopy 
may be used to detect the presence of natural gas. The 
detection system may include a gas filter correlation radi­
ometer, in a particular embodiment. Also, one embodiment 
of the SWIR light source may be an all-fiber integrated 
SWIR SC source, which leverages the mature technologies 
from the telecommunications and fiber optics industry. 
Beyond natural gas, active remote sensing in the SWIR may 
also be used to identify other materials such as vegetation, 
greenhouse gases or environmental pollutants, soils and 

A rapid, non-destructive, non-contact optical method for 
screening or identification of counterfeit pharmaceuticals is 

20 needed. Spectroscopy using near-infrared or short-wave 
infrared (SWIR) light may provide such a method, because 
most pharmaceuticals comprise organic compounds that 
have overtone or combination absorption bands in this 
wavelength range (e.g., between approximately 1-2.5 

25 microns). Moreover, most drug packaging materials are at 
least partially transparent in the near-infrared or SWIR, so 
that drug compositions may be detected and identified 
through the packaging non-destructively. Also, using a near­
infrared or SWIR light source with a spatially coherent beam 

30 permits screening at stand-off or remote distances. Beyond 
identifying counterfeit drugs, the near-infrared or SWIR 
spectroscopy may have many other beneficial applications. 
For example, spectroscopy may be used for rapid screening 
of illicit drugs or to implement process analytical technology 

35 in pharmaceutical manufacturing. There are also a wide 
array of applications in assessment of quality in the food 
industry, including screening of fruit, vegetables, grains and 
meats. 

In one embodiment, a near-infrared or SWIR super-
40 continuum (SC) source may be used as the light source for 

spectroscopy, active remote sensing, or hyper-spectral imag­
ing. One embodiment of the SWIR light source may be an 
all-fiber integrated SWIR SC source, which leverages the 
mature technologies from the telecommunications and fiber 

45 optics industry. Exemplary fiber-based super-continuum 
sources may emit light in the near-infrared or SWIR between 
approximately 1 .4-1.8 microns, 2-2.5 microns, 1.4-2.4 
microns, 1-1.8 microns, or any number of other bands. In 
particular embodiments, the detection system may be a 

50 dispersive spectrometer, a Fourier transform infrared spec­
trometer, or a hyper-spectral imaging detector or camera. In 
addition, reflection or diffuse reflection light spectroscopy 
may be implemented using the SWIR light source, where the 
spectral reflectance can be the ratio of reflected energy to 

55 incident energy as a function of wavelength. 
Breast cancer is considered to be the most common cancer 

among women in industrialized countries. It is believed that 
early diagnosis and consequent therapy could significantly 
reduce mortality. Manimography is considered the gold 

60 standard among imaging techniques in diagnosing breast 
pathologies. However, the use of ionizing radiation in mam­
mography may have adverse effects and lead to other 
complications. Moreover, screening x-ray manimography 
may be limited by false positives and negatives, leading to 

65 unnecessary physical and psychological morbidity. 
Although breast cancer is one of the focuses of this disclo­
sure, the same techniques may also be applied to other 
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cancer types, including, for example, skin, prostate, brain, 
pancreatic, and colorectal cancer. 

Diagnostic methods for assessment and therapy follow-up 
of breast cancer include mammography, ultrasound, and 
magnetic resonance imaging. The most effective screening 5 

technique at this time is x-ray mammography, with an 
overall sensitivity for breast cancer detection around 75%, 
which is even further reduced in women with dense breasts 

8 
more photo-detectors, a dispersive spectrometer, a Fourier 
transform infrared spectrometer, or a hyper-spectral imaging 
detector or camera. In addition, reflection or diffuse reflec-
tion light spectroscopy may be implemented using the SWIR 
light source, where the spectral reflectance can be the ratio 
of reflected energy to incident energy as a function of 
wavelength. 

to around 62%. Moreover, x-ray mammography has a 22% 
false positive rate in women under 50, and the method 
cannot accurately distinguish between benign and malignant 
tumors. Magnetic resonance imaging and ultrasound are 
sometimes used to augment x-ray mammography, but they 
have limitations such as high cost, low throughput, limited 
specificity and low sensitivity. Thus, there is a continued 
need to detect cancers earlier for treatment, missed by 
mammography, and to add specificity to the procedures. 

For breast cancer, experiments have shown that with 
growing cancer the collagen content increases while the 

10 lipid content decreases. Therefore, early breast cancer detec­
tion may involve the monitoring of absorption or scattering 
features from collagen and lipids. In addition, NIR spec­
troscopy may be used to determine the concentrations of 

Optical breast imaging may be an attractive technique for 
breast cancer to screen early, augment with mammography, 
or use in follow-on treatments. Also, optical breast imaging 
may be performed by intrinsic tissue contrast alone ( e.g., 
hemoglobin, water, collagen, and lipid content), or with the 

15 hemoglobin, water, as well as oxygen saturation of hemo­
globin and optical scattering properties in normal and can­
cerous breast tissue. For optical imaging to be effective, it 
may also be desirable to select the wavelength range that 
leads to relatively high penetration depths into the tissue. In 

use of exogenous fluorescent probes that target specific 
molecules. For example, near-infrared (NIR) light may be 
used to assess optical properties, where the absorption and 
scattering by the tissue components may change with car­
cinoma. For most of the studies conducted to date, NIR light 

20 one embodiment, it may be advantageous to use optical 
wavelengths in the range of about 1000-1400 nm. In another 
embodiment, it may be advantageous to use optical wave­
lengths in the range of about 1600-1800 nm. Higher optical 
power densities may be used to increase the signal-to-noise 

in the wavelength range of 600-1000 nm has been used for 
sufficient tissue penetration; these wavelengths have permit­
ted imaging up to several centimeters deep in soft tissue. 
Optical breast imaging using fluorescent contrast agents may 
improve lesion contrast and may potentially permit detection 

25 ratio of the detected light through the diffuse scattering 
tissue, and surface cooling or focused light may be beneficial 
for preventing pain or damage to the skin and outer layer 
surrounding the breast tissue. Since optical energy may be 
non-ionizing, different exposure times may be used without 

30 danger or harmful radiation. 

of changes in breast tissue earlier. In one embodiment, the 
fluorescent probes may either bind specifically to certain 
targets associated with cancer or may non-specifically accu- 35 

mulate at the tumor site. 
Optical methods of imaging and spectroscopy can be 

non-invasive using non-ionizing electromagnetic radiation, 
and these techniques could be exploited for screening of 
wide populations and for therapy monitoring. "Optical 40 

mammography" may be a diffuse optical imaging technique 
that aims at detecting breast cancer, characterizing its physi­
ological and pathological state, and possibly monitoring the 
efficacy of the therapeutic treatment. The main constituents 

SUMMARY 

In one embodiment, an optical system is provided. The 
optical system comprises a wearable device for measuring 
one or more physiological parameters, and the wearable 
device is adapted to be placed on a wrist or a hand dorsal of 
a user. The measuring of the one or more physiological 
parameters is configured to change in response to stretching 
of the hand or movement of fingers or thumb of the user. The 
wearable device includes a light source comprising a plu­
rality of light emitting diodes that are configured to generate 
an output optical light having one or more optical wave-
lengths. Then, one or more lenses are configured to receive 
at least a portion of the output optical light and to deliver a 
lens output light to tissue comprising skin. The wearable 
device further comprises a detection system configured to 
receive at least a portion of the lens output light reflected 
from the tissue and to generate an output signal having a 
signal-to-noise ratio, wherein the detection system is con-
figured to be synchronized to the light source. The detection 
system also comprises a plurality of detectors that are 
spatially separated from each other, and wherein at least one 

of breast tissue may be lipid, collagen, water, blood, and 45 

other structural proteins. These constituents may exhibit 
marked and characteristic absorption features in the NIR 
wavelength range. Thus, diffuse optical imaging and spec­
troscopy in the NIR may be helpful for diagnosing and 
monitoring breast cancer. Another advantage of such imag- 50 

ing is that optical instruments tend to be portable and more 
cost effective as compared to other instrumentation that is 
conventionally used for medical diagnosis. This can be 
particularly true, if the mature technologies for telecommu­
nications and fiber optics are exploited. 

Spectroscopy using NIR or short-wave infrared (SWIR) 
light may be beneficial, because most tissue has organic 
compounds that have overtone or combination absorption 
bands in this wavelength range ( e.g., between approximately 
0.8-2.5 microns). In one embodiment, a NIR or SWIR 60 

super-continuum (SC) laser that is an all-fiber integrated 
source may be used as the light source for diagnosing 
cancerous tissue. Exemplary fiber-based super-continuum 
sources may emit light in the NIR or SWIR between 
approximately 1.4-1.8 microns, 2-2.5 microns, 1.4-2.4 65 

microns, 1-1.8 microns, or any number of other bands. In 
particular embodiments, the detection system may be one or 

55 analog to digital converter is coupled to at least one of the 
spatially separated detectors. The output signal is indicative 
of the one or more of the physiological parameters config­
ured to change in response to the stretching of the hand or 
movement of fingers or thumb of the user. The wearable 
device is also configured to increase the signal-to-noise ratio 
by increasing light intensity of at least one of the plurality of 
light emitting diodes from an initial light intensity. More­
over, the detection system is further configured to generate 
a first signal responsive to light received while the light 
emitting diodes are off, generate a second signal responsive 
to light received while at least one of the light emitting 
diodes is on, and increase the signal-to-noise ratio by 
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comparing the first signal and the second signal. In addition, 
the wearable device is at least in part configured to identify 
an object. 

10 
processor, the camera system configured to capture a second 
image including at least a part of the object. The remote 
sensing system including the processor is configured to 
combine at least a portion of the second image and at least In another embodiment, an optical system is provided that 

comprises a wearable device for measuring one or more 
physiological parameters, the wearable device adapted to be 
placed on a wrist of a user. The wearable device includes a 
light source comprising a plurality of semiconductor diodes 
that are configured to generate an output optical light having 
one or more optical wavelengths, wherein at least a portion 

5 a portion of the time-of-flight measurement to create a 
combined portion. Furthermore, the remote sensing system 
including the processor is configured to communicate with 
a wearable device, a smart phone or a tablet that is further 
configured to process or display some of the combined 

10 portion. 
of the one or more optical wavelengths is a near-infrared 
wavelength between 700 nanometers and 2500 nanometers. 
The wearable device also comprises one or more lenses 
configured to receive at least a portion of the output optical 
light and to deliver a lens output light to tissue comprising 15 

skin. The wearable device further comprises a detection 
system configured to receive at least a portion of the lens 
output light reflected from the tissue and to generate an 
output signal having a signal-to-noise ratio, wherein the 
detection system is configured to be synchronized to the 20 

light source. In addition, the detection system comprises a 
plurality of detectors that are spatially separated from each 
other, and wherein at least one analog to digital converter is 
coupled to at least one of the spatially separated detectors. 
The output signal is indicative of the one or more of the 25 

physiological parameters. Furthermore, the wearable device 
is configured to increase the signal-to-noise ratio by increas-
ing light intensity of at least one of the plurality of semi­
conductor diodes from an initial light intensity. Also, the 
detection system is further configured to generate a first 30 

signal responsive to light received while the semiconductor 
diodes are off, generate a second signal responsive to light 
received while at least one of the semiconductor diodes is 
on, and increase the signal-to-noise ratio by comparing the 
first signal and the second signal. Moreover, the wearable 35 

device is at least in part configured to identify an object. 
In yet another embodiment, a remote sensing system is 

provided that comprises an array oflaser diodes to generate 
light having one or more optical wavelengths that includes 
at least one near-infrared wavelength between 600 nanome- 40 

ters and 1000 nanometers. At least one laser diode of the 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present disclo­
sure, and for further features and advantages thereof, refer­
ence is now made to the following description taken in 
conjunction with the accompanying drawings, in which: 

FIG. 1 plots the transmittance versus wavenumber for 
glucose in the mid-wave and long-wave infrared wave­
lengths between approximately 2.7 to 12 microns. 

FIG. 2 illustrates measurements of the absorbance of 
different blood constituents, such as glucose, hemoglobin, 
and hemoglobin Ale. The measurements are done using an 
FTIR spectrometer in samples with a 1 mm path length. 

FIG. 3A shows the normalized absorbance of water and 
glucose (not drawn to scale). Water shows transmission 
windows between about 1500-1850 nm and 2050-2500 nm. 

FIG. 3B illustrates the absorbance of hemoglobin and 
oxygenated hemoglobin overlapped with water. 

FIG. 4A shows measured absorbance in different concen-
trations of glucose solution over the wavelength range of 
about 2000 to 2400 nm. This data is collected using a SWIR 
super-continuum laser with the sample path length of about 
1.1 mm. 

FIG. 4B illustrates measured absorbance in different con-
centrations of glucose solution over the wavelength range of 
about 1550 to 1800 nm. The data is collected using a SWIR 
super-continuum laser with a sample path length of about 10 
mm. 

FIG. 5 illustrates the spectrum for different blood con­
stituents in the wavelength range of about 2 to 2.45 microns 
(2000 to 2450 nm). array comprises one or more Bragg reflectors, and at least 

one of the laser diodes is configured to pulse at a modulation 
frequency between 10 Megahertz and 1 Gigahertz and 
configured to have a phase associated with the modulation 
frequency. Also, at least a portion of the light generated by 
the array is configured to be directed to an object. A 
detection system comprises at least one photo-detector, a 
lens and a spectral filter at an input to the at least one 
photo-detector, and a processor to process digitized signals 
received from the at least one photo-detector. The detection 
system is configured to (i) measure a phase shift of at least 

FIG. 6 shows the transmittance versus wavelength in 
microns for the ketone 3-hydroxybutyrate. The wavelength 

45 range is approximately 2 to 16 microns. 
FIG. 7 illustrates the optical absorbance for ketones as 

well as some other blood constituents in the wavelength 
range of about 2100 to 2400 nm. 

FIG. SA shows the first derivative spectra of ketone and 
50 protein at concentrations of 10 g/L (left). In addition, the first 

derivative spectra of urea, creatinine, and glucose are shown 
on the right at concentrations of 10 g/L. 

a portion of the light from the array oflaser diodes reflected 
from the object relative to the at least a portion of the light 
generated by the array configured to be directed to the 55 

object, (ii) measure time-of-flight of the at least a portion of 
the light from the array of laser diodes reflected from the 
object relative to the at least a portion of the light generated 
by the array configured to be directed to the object, and (iii) 
generate one or more images of the object based at least in 60 

part on an amplitude of the at least a portion of the light from 
the array oflaser diodes reflected from the object. Moreover, 
the detection system is further configured to use a lock-in 
technique and configured to synchronize to pulsing of the at 
least one of the laser diodes, and wherein the processor is 65 

configured to generate a time-of-flight measurement. In 
addition, a camera system is coupled to a lens system and the 

FIG. SB illustrates the near infrared absorbance for tri­
glyceride. 

FIG. SC shows the near-infrared reflectance spectrum for 
cholesterol. 

FIG. SD illustrates the near-infrared reflectance versus 
wavelength for various blood constituents, including cho­
lesterol, glucose, albumin, uric acid, and urea. 

FIG. 9 shows a schematic of the human skin. In particular, 
the dermis may comprise significant amounts of collagen, 
elastin, lipids, and water. 

FIG. 10 illustrates the absorption coefficients for water 
(including scattering), adipose, collagen, and elastin. 

FIG. 11 shows the dorsal of the hand, where a differential 
measurement may be made to at least partially compensate 
for or subtract out the skin interference. 
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FIG. 12 shows the dorsal of the foot, where a differential 
measurement may be made to at least partially compensate 
for or subtract out the skin interference. 

FIG. 13 illustrates a typical human nail tissue structure 
and the capillary vessels below it. 

FIG. 14 shows the attenuation coefficient for seven nail 
samples that are allowed to stand in an environment with a 
humidity level of 14%. These coefficients are measured 
using an FTIR spectrometer over the near-infrared wave­
length range of approximately 1 to 2.5 microns. Below is 
also included the spectrum of glucose. 

FIG. 15 illustrates the structure of a tooth. 
FIG. 16A shows the attenuation coefficient for dental 

12 
FIG. 28 illustrates a hand-held dental tool design of a 

human interface that may also be coupled with other dental 
tools. 

FIG. 29 illustrates a clamp design of a human interface to 
5 cap over one or more teeth and perform a non-invasive 

measurement for dental caries. 
FIG. 30 shows a mouth guard design of a human interface 

to perform a non-invasive measurement for dental caries. 
FIG. 31 schematically shows that the medical measure-

10 ment device can be part of a personal or body area network 
that communicates with another device (e.g., smart phone or 
tablet) that communicates with the cloud. The cloud may in 
turn communicate information with the user, dental or 

enamel and water versus wavelength from approximately 15 
600 nm to 2600 nm. 

healthcare providers, or other designated recipients. 
FIG. 32 illustrates wavelength bands for different chemi­

cal compounds over the SWIR wavelength range of approxi­
mately 1400 nm to 2500 nm. Also indicated are whether the 
bands are overtone or combination bands. 

FIG. 16B illustrates the absorption spectrum of intact 
enamel and dentine in the wavelength range of approxi­
mately 1.2 to 2.4 microns. FIG. 33A shows the absorption spectra for methane. 

FIG. 33B shows the absorption spectra for ethane. 
FIG. 34 illustrates the reflectance spectra for some mem­

bers of the alkane family plus paraffin. 

FIG. 17 shows the near infrared spectral reflectance over 20 

the wavelength range of approximately 800 nm to 2500 nm 
from an occlusal tooth surface. The black diamonds corre­
spond to the reflectance from a sound, intact tooth section. 
The asterisks correspond to a tooth section with an enamel 
lesion. The circles correspond to a tooth section with a 
dentine lesion. 

FIG. 35A depicts that micro-seepages may result from the 
vertical movement of hydro-carbons from their respective 

25 reservoirs to the surface. It is assumed that the rock colunm, 
including the seal rock, comprises interconnected fractures 
or micro-fracture systems. FIG. 18A illustrates a clamp design of a human interface 

to cap over one or more teeth and perform a non-invasive 
measurement of blood constituents. 

FIG. 18B shows a mouth guard design of a human 
interface to perform a non-invasive measurement of blood 
constituents. 

FIG. 19 illustrates a block diagram or building blocks for 
constructing high power laser diode assemblies. 

FIG. 35B illustrates that surface alterations may occur 
because leaking hydro-carbons set up near-surface oxidation 

30 and/or reduction zones that favor the development of a 
diverse array of chemical and mineralogical changes. 

FIG. 36A shows the reflectance spectra for locations with 
natural gas fields (3601) and locations without natural gas 
fields (3602). 

FIG. 20 shows a platform architecture for different wave- 35 

length ranges for an all-fiber-integrated, high powered, 
super-continuum light source. 

FIG. 36B illustrates spectra from field tests over regions 
with natural gas, which show two spectral features: one near 
1.725 microns and another doublet between about 2.311 
microns and 2.36 microns. FIG. 21 illustrates one embodiment of a short-wave 

infrared (SWIR) super-continuum (SC) light source. 
FIG. 22 shows the output spectrum from the SWIR SC 40 

laser of FIG. 21 when -10 m length of fiber for SC 
generation is used. This fiber is a single-mode, non-disper­
sion shifted fiber that is optimized for operation near 1550 
nm. 

FIG. 23 illustrates high power SWIR-SC lasers that may 45 

generate light between approximately 1 .4-1.8 microns (top) 
or approximately 2-2.5 microns (bottom). 

FIG. 37 shows the reflectance spectra of a sample of oil 
emulsion from the Gulf of Mexico 2010 oil spill (different 
thicknesses of oil). 

FIG. 38 illustrates the reflectance spectra of some repre­
sentative minerals that may be major components of rocks 
and soils. 

FIG. 39 shows the reflectance spectra of different types of 
green vegetation compared with dry, yellowed grass. 

FIG. 40 illustrates the atmospheric absorption and scat­
tering of greenhouse gases at different wavelengths. FIG. 24 schematically shows that the medical measure­

ment device can be part of a personal or body area network 
that communicates with another device ( e.g., smart phone or 
tablet) that communicates with the cloud. The cloud may in 
turn communicate information with the user, healthcare 
providers, or other designated recipients. 

FIG. 41 overlays the reflectance for different building 
50 materials from the ASTER spectra library. 

FIG. 25 illustrates the structure of a tooth. 

FIG. 42 shows the absorbance for two common plastics, 
polyethylene and polystyrene. 

FIG. 43 shows the experimental set-up for a reflection­
spectroscopy based stand-off detection system. 

FIG. 26A shows the attenuation coefficient for dental 55 FIG. 44 illustrates the chemical structure and molecular 
formula for various explosives, along with the absorbance 
spectra obtained using a super-continuum source. 

enamel and water versus wavelength from approximately 
600 nm to 2600 nm. 

FIG. 26B illustrates the absorption spectrum of intact 
enamel and dentine in the wavelength range of approxi­
mately 1.2 to 2.4 microns. 

FIG. 27 shows the near infrared spectral reflectance over 
the wavelength range of approximately 800 nm to 2500 nm 
from an occlusal tooth surface. The black diamonds corre­
spond to the reflectance from a sound, intact tooth section. 
The asterisks correspond to a tooth section with an enamel 
lesion. The circles correspond to a tooth section with a 
dentine lesion. 

FIG. 45A shows the reflection spectra for gypsum, pine 
wood, ammonium nitrate and urea. 

60 FIG. 45B illustrates the reflection spectra for three com-
mercial automotive paints and military grade CARC paint 
(chemical agent resistant coating) (reflectance in this case 
are in arbitrary units). 

FIG. 46 shows the mid-wave infrared and long-wave 
65 infrared absorption spectra for various illicit drugs. It is 

expected that overtone and combination bands should be 
evident in the SWIR and near-infrared wavelength bands. 
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FIG. 47A is a schematic diagram of the basic elements of 
an imaging spectrometer. 

FIG. 47B illustrates one example of a typical imaging 
spectrometer used in hyper-spectral imaging systems. 

FIG. 48 shows one example of a gas-filter correlation 
radiometer, which is a detection system that uses a sample 
of the gas of interest as a spectral filter for the gas. 

14 
FIG. 71 illustrates particular embodiments of imaging 

systems for optically scanning a breast. 
FIG. 72 shows the normalized absorption spectra of main 

tissue absorbers in the NIR for breast cancer, between about 
5 600-1100 nm. 

FIG. 73 illustrates the normalized absorption coefficient 
in the wavelength range between about 500-1600 nm for 
many of the components of breast tissue. FIG. 49 exemplifies a dual-beam experimental set-up that 

may be used to subtract out ( or at least minimize the adverse 
effects of) light source fluctuations. 10 

FIG. 74A shows the typical spectra of the cancerous site 
of a treated rat and the corresponding site of a normal rat and 
illustrates the logarithm of the inverse of reflection spectra. FIG. 50 shows the absorbance for two common plastics, 

polyethylene and polystyrene. 
FIG. 51 illustrates one example of the difference in 

near-infrared spectrum between an authentic tablet and a 15 
counterfeit tablet. 

FIG. 74B shows the typical spectra of the cancerous site 
of a treated rat and the corresponding site of a normal rat and 
illustrates second derivative spectra. 

FIG. 75 shows the second derivative of spectral changes 
over several weeks between about 1600-1800 nm in rats 
with breast cancer. 

FIG. 52 shows the second derivative of the spectral 
comparison of Prozac and a similarly formulated generic. 

FIG. 53 illustrates an example of the near infrared spectra 
for different pure components of a studied drug. 

FIG. 54 shows the mid-wave infrared and long-wave 
infrared absorption spectra for various illicit drugs. 

FIG. 55 shows the absorbance versus wavelength in the 
near-infrared region for four classes of illegal drugs. 

FIG. 76 illustrates the second derivative spectra for cho-
20 lesterol, collagen and elastin. 

FIG. 77 shows the absorption coefficient as a function of 
wavelength between about 1000 nm and 2600 nm for water, 
adipose and collagen. 

FIG. 56 illustrates the diffuse reflectance near-infrared 25 
FIG. 78 illustrates the absorbance for four types of 

collagen: collagen I, collagen II, collagen III, and collagen 
IV. spectrum of heroin samples. 

FIG. 57 illustrates the diffuse reflectance near-infrared 
spectra of different seized illicit drugs containing heroin of 
different concentrations, along with the spectrum for pure 
heroin. 

FIG. SSA lists possible band assignments for the various 
spectral features in pure heroin. 

FIG. 58B also lists possible band assignments for the 
various spectral features in pure heroin. 

FIG. 59 shows the diffuse reflectance near-infrared spec­
tra of different compounds that may be frequently employed 
as cutting agents. 

FIG. 60 provides one example of a flow-chart in the 
process analytical technology for the pharmaceutical indus­
try. 

FIG. 61 illustrates the typical near-infrared spectra of a 
variety of excipients. 

FIG. 62 exemplifies the absorbance from the blending 
process of a pharmaceutical compound. 

FIG. 79 shows an experimental set-up for testing chicken 
breast samples using collimated light. In this experiment, the 
collimated light has a beam diameter of about 3 mm. 

3° FIG. 80 plots the measured depth of damage (in millime­
ters) versus the time-averaged incident power (in Watts). 
Data is presented for laser wavelengths near 980 nm, 1210 
nm and 1700 nm, and lines are drawn corresponding to 

35 
penetration depths of approximately 2 mm, 3 mm, and 4 
mm. 

FIG. 81 illustrates the optical absorption or density as a 
function of wavelength between approximately 700 nm and 
1300 nm for water, hemoglobin and oxygenated hemoglo-

40 bin. 
FIG. 82 shows a set-up used for in vitro damage experi­

ments using focused infrared light. After a lens system, the 
tissue is placed between two microscope slides. 

FIG. 63 shows what might be an eventual flow-chart of a 45 

smart manufacturing process. 

FIG. 83A presents histology of renal arteries comprising 
endothelium, media and adventitia layers and some renal 
nerves in or below the adventitia and illustrates renal arteries 
with no laser exposure. FIG. 64A illustrates the near-infrared reflectance spec­

trum of wheat flour. 
FIG. 64B shows the near-infrared absorbance spectra 

obtained in diffusion reflectance mode for a series of whole 50 

FIG. 83B presents histology of renal arteries comprising 
endothelium, media and adventitia layers and some renal 
nerves in or below the adventitia and illustrates renal arteries 
after focused laser exposure, with the laser light near 1708 'Hass' avocado fruit. 

FIG. 65A is a schematic diagram of the basic elements of 
an imaging spectrometer. 

FIG. 65B illustrates one example of a typical imaging 
spectrometer used in hyper-spectral imaging systems. 

FIG. 66 shows one example of the Fourier transform 
infrared spectrometer. 

FIG. 67 exemplifies a dual-beam experimental set-up that 
may be used to subtract out ( or at least minimize the adverse 
effects of) light source fluctuations. 

FIG. 68 illustrates the optical absorption of pure water, 
hemoglobin without oxygen, and hemoglobin saturated with 
oxygen. 

FIG. 69 shows examples of various absorption bands of 
chemical species in the wavelength range between about 
1200-2200 nm. 

FIG. 70 depicts the structure of a female breast. 

nm. 
FIG. 84 illustrates the experimental set-up for ex vivo skin 

laser treatment with surface cooling to protect the epidermis 
55 and top layer of the dermis. 

FIG. SSA shows MTT histo-chemistry of ex vivo human 
skin treated with -1708 nm laser and cold window (5 
seconds precool; 2 mm diameter spot exposure for 3 sec­
onds) at 725 mW corresponding to - 70 J/cm2 average 

60 fluence. 
FIG. 85B also shows MTT histo-chemistry of ex vivo 

human skin treated with -1708 nm laser and cold window (5 
seconds precool; 2 mm diameter spot exposure for 3 sec­
onds) at 725 mW corresponding to - 70 J/cm2 average 

65 fluence. 
FIG. SSC shows MTT histo-chemistry of ex vivo human 

skin treated with -1708 nm laser and cold window (5 
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seconds precool; 2 nnn diameter spot exposure for 3 sec­
onds) at 830 mW corresponding to -80 J/cm2 average 
fluence. 

FIG. 85D also shows MTT histo-chemistry of ex vivo 
human skin treated with -1708 nm laser and cold window ( 5 
seconds precool; 2 nnn diameter spot exposure for 3 sec­
onds) at 830 mW corresponding to -80 J/cm2 average 
fluence. 

DETAILED DESCRIPTION 

Section 1: Near-Infrared Lasers for Non-Invasive Monitor­
ing of Glucose, Ketones, Hbal C, and Other Blood Constitu­
ents 

As required, detailed embodiments of the present disclo­
sure are described herein; however, it is to be understood 
that the disclosed embodiments are merely exemplary of the 
disclosure that may be embodied in various and alternative 
forms. The figures are not necessarily to scale; some features 
may be exaggerated or minimized to show details of par­
ticular components. Therefore, specific structural and func­
tional details disclosed herein are not to be interpreted as 
limiting, but merely as a representative basis for teaching 
one skilled in the art to variously employ the present 
disclosure. 

Various ailments or diseases may require measurement of 
the concentration of one or more blood constituents. For 
example, diabetes may require measurement of the blood 
glucose and HbAlc levels. On the other hand, diseases or 
disorders characterized by impaired glucose metabolism 
may require the measurement of ketone bodies in the blood. 
Examples of impaired glucose metabolism diseases include 
Alzheimer's, Parkinson's, Huntington's, and Lou Gehrig's 
or amyotrophic lateral sclerosis (ALS). Techniques related 
to near-infrared spectroscopy or hyper-spectral imaging may 
be particularly advantageous for non-invasive monitoring of 
some of these blood constituents. 

As used throughout this document, the term "couple" and 
or "coupled" refers to any direct or indirect connnunication 
between two or more elements, whether or not those ele­
ments are physically connected to one another. As used 
throughout this disclosure, the term "spectroscopy" means 
that a tissue or sample is inspected by comparing different 
features, such as wavelength ( or frequency), spatial location, 
transmission, absorption, reflectivity, scattering, refractive 
index, or opacity. In one embodiment, "spectroscopy" may 
mean that the wavelength of the light source is varied, and 

16 
lium. In another embodiment, the mid-infrared fiber may 
comprise one or a combination of fluoride fiber, ZBLAN 
fiber, chalcogenide fiber, tellurite fiber, or germanium doped 
fiber. In yet another embodiment, the single mode fiber may 

5 include standard single-mode fiber, dispersion shifted fiber, 
non-zero dispersion shifted fiber, high-nonlinearity fiber, 
and small core size fibers. 

As used throughout this disclosure, the term "pump laser" 
refers to a laser or oscillator that has as an output light or an 

10 optical beam, wherein the output light or optical beam is 
coupled to a gain medium to excite the gain medium, which 
in tum may amplify another input optical signal or beam. In 
one particular example, the gain medium may be a doped 
fiber, such as a fiber doped with ytterbium, erbium or 

15 thulium. In one embodiment, the "pump laser" may be a 
fiber laser, a solid state laser, a laser involving a nonlinear 
crystal, an optical parametric oscillator, a semiconductor 
laser, or a plurality of semiconductor lasers that may be 
multiplexed together. In another embodiment, the "pump 

20 laser" may be coupled to the gain medium by using a fiber 
coupler, a dichroic mirror, a multiplexer, a wavelength 
division multiplexer, a grating, or a fused fiber coupler. 

As used throughout this document, the term "super­
continuum" and or "supercontinuum" and or "SC" refers to 

25 a broadband light beam or output that comprises a plurality 
of wavelengths. In a particular example, the plurality of 
wavelengths may be adjacent to one-another, so that the 
spectrum of the light beam or output appears as a continuous 
band when measured with a spectrometer. In one embodi-

30 ment, the broadband light beam may have a bandwidth of at 
least 10 nm. In another embodiment, the "super-continuum" 
may be generated through nonlinear optical interactions in a 
medium, such as an optical fiber or nonlinear crystal. For 
example, the "super-continuum" may be generated through 

35 one or a combination of nonlinear activities such as four­
wave mixing, the Raman effect, modulational instability, 
and self-phase modulation. 

As used throughout this disclosure, the terms "optical 
light" and or "optical beam" and or "light beam" refer to 

40 photons or light transmitted to a particular location in space. 
The "optical light" and or "optical beam" and or "light 
beam" may be modulated or unmodulated, which also 
means that they may or may not contain information. In one 
embodiment, the "optical light" and or "optical beam" and 

45 or "light beam" may originate from a fiber, a fiber laser, a 
laser, a light emitting diode, a lamp, a pump laser, or a light 
source. 

the transmission, absorption or reflectivity of the tissue or 
sample is measured as a function of wavelength. In another 
embodiment, "spectroscopy" may mean that the wavelength 50 

dependence of the transmission, absorption or reflectivity is 
compared between different spatial locations on a tissue or 
sample. As an illustration, the "spectroscopy" may be per­
formed by varying the wavelength of the light source, or by 
using a broadband light source and analyzing the signal 55 

using a spectrometer, wavemeter, or optical spectrum ana­
lyzer. 

Spectrum for Glucose 
One molecule of interest is glucose. The glucose molecule 

has the chemical formula C6H12O6, so it has a number of 
hydro-carbon bonds. An example of the infrared transmit­
tance of glucose 100 is illustrated in FIG. 1. The vibrational 
spectroscopy shows that the strongest lines for bending and 
stretching modes of C-H and O-H bonds lie in the 
wavelength range of approximately 6-12 microns. However, 
light sources and detectors are more difficult in the mid­
wave infrared and long-wave infrared, and there is also 
strongly increasing water absorption in the human body 
beyond about 2.5 microns. Although weaker, there are also 
nonlinear combinations of stretching and bending modes 
between about 2 to 2.5 microns, and first overtone of C-H 
stretching modes between approximately 1.5-1.8 microns. 
These signatures may fall in valleys of water absorption, 
permitting non-invasive detection through the body. In addi­
tion, there are yet weaker features from the second overtones 
and higher-order combinations between about 0.8-1.2 
microns; in addition to being weaker, these features may also 

As used throughout this document, the term "fiber laser" 
refers to a laser or oscillator that has as an output light or an 
optical beam, wherein at least a part of the laser comprises 60 

an optical fiber. For instance, the fiber in the "fiber laser" 
may comprise one of or a combination of a single mode 
fiber, a multi-mode fiber, a mid-infrared fiber, a photonic 
crystal fiber, a doped fiber, a gain fiber, or, more generally, 
an approximately cylindrically shaped waveguide or light- 65 

pipe. In one embodiment, the gain fiber may be doped with 
rare earth material, such as ytterbium, erbium, and/or thu-
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be masked by absorption in the hemoglobin. Hence, the 
short-wave infrared (SWIR) wavelength range of approxi­
mately 1.4 to 2.5 microns may be an attractive window for 
near-infrared spectroscopy of blood constituents. 

18 
plurality of laser diodes, or even bright lamp sources that 
generate adequate light in the SWIR. 

Although glucose has a distinctive signature in the SWIR 
wavelength range, one problem of non-invasive glucose 

As an example, measurements of the optical absorbance 
200 of hemoglobin, glucose and HbAlc have been per­
formed using a Fourier-Transform Infrared Spectrometer­
FTIR. As FIG. 2 shows, in the SWIR wavelength range 
hemoglobin is nearly flat in spectrum 201 (the noise at the 
edges is due to the weaker light signal in the measurements). 
On the other hand, the glucose absorbance 202 has at least 
five distinct peaks near 1587 nm, 1750 nm, 2120 nm, 2270 
nm and 2320 nm. 

5 monitoring is that many other blood constituents also have 
hydro-carbon bonds. Consequently, there can be interfering 
signals from other constituents in the blood. As an example, 
FIG. 5 illustrates the spectrum 500 for different blood 
constituents in the wavelength range of 2 to 2.45 microns. 

10 The glucose absorption spectrum 501 can be unique with its 
three peaks in this wavelength range. However, other blood 
constituents such as triacetin 502, ascorbate 503, lactate 504, 
alanine 505, urea 506, and BSA 507 also have spectral FIG. 3A overlaps 300 the normalized absorbance of 

glucose 301 with the absorbance of water 302 (not drawn to 
scale). It may be seen that water has an absorbance feature 
between approximately 1850 nm and 2050 nm, but water 
302 also has a nice transmission window between approxi­
mately 1500-1850 nm and 2050 to 2500 nm. For wave­
lengths less than about 1100 nm, the absorption of hemo­
globin 351 and oxygenated hemoglobin 352 in FIG. 3B has 
a number of features 350, which may make it more difficult 

15 features in this wavelength range. To distinguish the glucose 
501 from these overlapping spectra, it may be advantageous 
to have information at multiple wavelengths. In addition, it 
may be advantageous to use pattern matching algorithms 
and other software and mathematical methods to identify the 

to measure blood constituents. Also, beyond 2500 nm the 
water absorption becomes considerably stronger over a wide 
wavelength range. Therefore, an advantageous window for 
measuring glucose and other blood constituents may be in 
the SWIR between 1500 and 1850 nm and 2050 to 2500 nm. 
These are exemplary wavelength ranges, and other ranges 

20 blood constituents of interest. In one embodiment, the 
spectrum may be correlated with a library of known spectra 
to determine the overlap integrals, and a threshold function 
may be used to quantify the concentration of different 
constituents. This is just one way to perform the signal 

25 processing, and many other techniques, algorithms, and 
software may be used and would fall within the scope of this 
disclosure. 
Ketone Bodies Monitoring 

Beyond glucose, there are many other blood constituents can be used that would still fall within the scope of this 
disclosure. 30 that may also be of interest for health or disease monitoring. 

One further consideration in choosing the laser wave­
length is known as the "eye safe" window for wavelengths 
longer than about 1400 nm. In particular, wavelengths in the 
eye safe window may not transmit down to the retina of the 
eye, and therefore, these wavelengths may be less likely to 35 

create permanent eye damage. The near-infrared wave­
lengths have the potential to be dangerous, because the eye 
cannot see the wavelengths ( as it can in the visible), yet they 
can penetrate and cause damage to the eye. Even if a 
practitioner is not looking directly at the laser beam, the 40 

practitioner's eyes may receive stray light from a reflection 
or scattering from some surface. Hence, it can always be a 
good practice to use eye protection when working around 
lasers. Since wavelengths longer than about 1400 nm are 
substantially not transmitted to the retina or substantially 45 

absorbed in the retina, this wavelength range is known as the 
eye safe window. For wavelengths longer than 1400 nm, in 
general only the cornea of the eye may receive or absorb the 
light radiation. 

Beyond measuring blood constituents such as glucose 50 

using FTIR spectrometers, measurements have also been 
conducted in another embodiment using super-continuum 
lasers, which will be described later in this disclosure. In this 
particular embodiment, some of the exemplary preliminary 
data for glucose absorbance are illustrated in FIGS. 4A and 55 

4B. The optical spectra 401 in FIG. 4A for different levels 
of glucose concentration in the wavelength range between 
2000 and 2400 nm show the three absorption peaks near 
2120 nm (2.12 µm), 2270 nm (2.27 µm) and 2320 nm (2.32 
µm). Moreover, the optical spectra 402 in FIG. 4B for 60 

different levels of glucose concentration in the wavelength 
range between 1500 and 1800 nm show the two broader 
absorption peaks near 1587 nm and 17 50 nm. It should be 
appreciated that although data measured with FTIR spec­
trometers or super-continuum lasers have been illustrated, 65 

other light sources can also be used to obtain the data, such 
as super-luminescent laser diodes, light emitting diodes, a 

In another embodiment, it may be desirous to monitor the 
level of ketone bodies in the blood stream. Ketone bodies are 
three water-soluble compounds that are produced as by-
products when fatty acids are broken down for energy in the 
liver. Two of the three are used as a source of energy in the 
heart and brain, while the third is a waste product excreted 
from the body. In particular, the three endogenous ketone 
bodies are acetone, acetoacetic acid, and beta-hydroxybu­
tyrate or 3-hydroxybutyrate, and the waste product ketone 
body is acetone. 

Ketone bodies may be used for energy, where they are 
transported from the liver to other tissues. The brain may 
utilize ketone bodies when sufficient glucose is not available 
for energy. For instance, this may occur during fasting, 
strenuous exercise, low carbohydrate, ketogenic diet and in 
neonates. Unlike most other tissues that have additional 
energy sources such as fatty acids during periods of low 
blood glucose, the brain cannot break down fatty acids and 
relies instead on ketones. In one embodiment, these ketone 
bodies are detected. 

Ketone bodies may also be used for reducing or elimi­
nating symptoms of diseases or disorders characterized by 
impaired glucose metabolism. For example, diseases asso­
ciated with reduced neuronal metabolism of glucose include 
Parkinson's disease, Alzheimer's disease, amyotrophic lat­
eral sclerosis (ALS, also called Lou Gehrig's disease), 
Huntington's disease and epilepsy. In one embodiment, 
monitoring of alternate sources of ketone bodies that may be 
administered orally as a dietary supplement or in a nutri­
tional composition to counteract some of the glucose 
metabolism impairments is performed. However, if ketone 
bodies supplements are provided, there is also a need to 
monitor the ketone level in the blood stream. For instance, 
if elevated levels of ketone bodies are present in the body, 
this may lead to ketosis; hyperketonemia is also an elevated 
level of ketone bodies in the blood. In addition, both 
acetoacetic acid and beta-hydroxybutyric acid are acidic, 
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and, if levels of these ketone bodies are too high, the pH of 
the blood may drop, resulting in ketoacidosis. 

20 
inconvenient and painful. The point-of-care devices use 
immunoassay or boronate affinity chromatography, as an 
example. Thus, there is also an unmet need for non-invasive 
monitoring of HbAle. 

FIG. 2 illustrates the FTIR measurements of HbAle 
absorbance 203 over the wavelength range between 1500 
and 2400 nm for a concentration of approximately 1 mg/ml. 
Whereas the absorbance of hemoglobin 201 over this wave­
length range is approximately flat, the HbAle absorbance 

The general formula for ketones is CnH2n0. In organic 
chemistry, a ketone is an organic compound with the struc­
ture RC(=O)R', where R and R' can be a variety of 5 

carbon-containing substituents. It features a carbonyl group 
(C=O) bonded to two other carbon atoms. Because the 
ketones contain the hydrocarbon bonds, there might be 
expected to be features in the SWIR, similar in structure to 
those found for glucose. 10 203 shows broad features and distinct curvature. Although 

the HbAle absorbance 203 does not appear to exhibit as 
pronounced features as glucose 202, the non-invasive SWIR 
measurement should be able to detect HbAle with appro-

The infrared spectrum 600 for the ketone 3-hydroxybu­
tyrate is illustrated in FIG. 6. Just as in glucose, there are 
significant features in the mid- and long-wave infrared 
between 6 to 12 microns, but these may be difficult to 
observe non-invasively. On the other hand, there are some 15 

features in the SWIR that may be weaker, but they could 
potentially be observed non-invasively, perhaps through 
blood and water. 

priate pattern matching algorithms. Moreover, the spectrum 
for HbAle may be further enhanced by using first or second 
derivative data, as seen for ketones in FIG. SA. Beyond 
absorption, reflectance, or transmission spectroscopy, it may 
also be possible to detect blood constituents such as HbAle 
using Raman spectroscopy or surface-enhanced Raman The optical spectra 700 for ketones as well as some other 

blood constituents are exemplified in FIG. 7 in the wave­
length range of 2100 nm to 2400 nm. In this embodiment, 
the absorbance for ketones is 701, while the absorbance for 
glucose is 702. However, there are also features in this 
wavelength range for other blood constituents, such as urea 
703, albumin or blood protein 704, creatinine 705, and 
nitrite 706. In this wavelength range of2100 to 2400 nm, the 
features for ketone 701 seem more spectrally pronounced 
than even glucose. 

Different signal processing techniques can be used to 
enhance the spectral differences between different constitu­
ents. In one embodiment, the first or second derivatives of 
the spectra may enable better discrimination between sub­
stances. The first derivative may help remove any flat offset 
or background, while the second derivative may help to 
remove any sloped offset or background. In some instances, 
the first or second derivative may be applied after curve 
fitting or smoothing the reflectance, transmittance, or absor­
bance. For example, FIG. SA illustrates the derivative spec-
tra for ketone 801 and glucose 802, which can be distin­
guished from the derivative spectra for protein 803, urea 804 
and creatinine 805. Based on FIG. SA, it appears that 
ketones 801 may have a more pronounced difference than 
even glucose 802 in the wavelength range between 2100 and 
2400 nm. Therefore, ketone bodies should also be capable of 
being monitored using a non-invasive optical technique in 
the SWIR, and a different pattern matching library could be 
used for glucose and ketones. 
Hemoglobin Ale Monitoring 

Another blood constituent that may be of interest for 
monitoring of health or diseases is hemoglobin Ale, also 
known as HbAle or glycated hemoglobin (glycol-hemoglo­
bin or glycosylated hemoglobin). HbAle is a form of 
hemoglobin that is measured primarily to identify the aver-
age plasma glucose concentration over prolonged periods of 
time. Thus, HbAle may serve as a marker for average blood 
glucose levels over the previous months prior to the mea­
surements. 

In one embodiment, when a physician suspects that a 
patient may be diabetic, the measurement of HbAl c may be 
one of the first tests that are conducted. An HbAle level less 
than approximately 6% may be considered normal. On the 
other hand, an HbAl c level greater than approximately 6.5% 
may be considered to be diabetic. In diabetes mellitus, 
higher amounts of HbAle indicate poorer control of blood 
glucose levels. Thus, monitoring the HbAle in diabetic 
patients may improve treatment. Current techniques for 
measuring HbAle require drawing blood, which may be 

20 spectroscopy. In general, Raman spectroscopy may require 
higher optical power levels. 

As an illustration, non-invasive measurement of blood 
constituents such as glucose, ketone bodies, and HbAle has 
been discussed thus far. However, other blood constituents 

25 can also be measured using similar techniques, and these are 
also intended to be covered by this disclosure. In other 
embodiments, blood constituents such as proteins, albumin, 
urea, creatinine or nitrites could also be measured. For 
instance, the same type ofSWIR optical techniques might be 

30 used, but the pattern matching algorithms and software 
could use different library features or functions for the 
different constituents. 

In yet another embodiment, the optical techniques 
described in this disclosure could also be used to measure 

35 levels of triglycerides. Triglycerides are bundles of fats that 
may be found in the blood stream, particularly after ingest­
ing meals. The body manufactures triglycerides from car­
bohydrates and fatty foods that are eaten. In other words, 
triglycerides are the body's storage form of fat. Triglycer-

40 ides are comprised of three fatty acids attached to a glycerol 
molecule, and measuring the level of triglycerides may be 
important for diabetics. The triglyceride levels or concen­
trations in blood may be rated as follows: desirable or 
normal may be less than 150 mg/di; borderline high may be 

45 150-199 mg/di; high may be 200-499 mg/di; and very high 
may be 500 mg/di or greater. FIG. SB illustrates one 
example of the near-infrared absorbance 825 for triglycer­
ides. There are distinct absorbance peaks in the spectrum 
that should be measurable. The characteristic absorption 

50 bands may be assigned as follows: (a) the first overtones of 
C-H stretching vibrations (1600-1900 nm); (b) the region 
of second overtones of C-H stretching vibrations (1100-
1250 nm); and, (c) two regions (2000-2200 nm and 1350-
1500 nm) that comprise bands due to combinations of C-H 

55 stretching vibrations and other vibrational modes. 
A further example of blood compositions that can be 

detected or measured using near-infrared light includes 
cholesterol monitoring. For example, FIG. SC shows the 
near-infrared reflectance spectrum for cholesterol 850 with 

60 wavelength in microns (µm). Distinct absorption peaks are 
observable near 1210 nm (1.21 µm), 1720 nm (1.72 µm), and 
between 2300-2500 nm (2.3-2.5 µm). Also, there are other 
features near 1450 nm (1 .45 µm) and 2050 nm (2.05 µm). In 
FIG. SD the near-infrared reflectances 875 are displayed 

65 versus wavelength (nm) for various blood constituents. The 
spectrum for cholesterol 876 is overlaid with glucose 877, 
albumin 878, uric acid 879, and urea 880. As may be noted 
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from FIG. SD, at about 1720 run and 2300 run, cholesterol 
876 reaches approximate reflectance peaks, while some of 
the other analytes are in a more gradual mode. Various signal 
processing methods may be used to identify and quantify the 
concentration of cholesterol 876 and/or glucose 877, or 
some of the other blood constituents. 

As illustrated by FIGS. 5 and 7, one of the issues in 
measuring a particular blood constituent is the interfering 
and overlapping signal from other blood constituents. The 
selection of the constituent of interest may be improved 
using a number of techniques. For example, a higher light 
level or intensity may improve the signal-to-noise ratio for 
the measurement. Second, mathematical modeling and sig-

22 
Elastin fibers 906, also a protein, may also be plentiful in the 
dermis 903, although they constitute a smaller portion of the 
bulk. In addition, the dermis 903 may contain a variety of 
structures ( e.g., sweat glands, hair follicles with adipose rich 

5 sebaceous glands 907 near their roots, and blood vessels) 
and other cellular constituents. 

Below the dermis 903 lies the subcutaneous layer 904 
comprising mostly adipose tissue. The subcutaneous layer 
904 may be by volume approximately 10% water and may 

10 be comprised primarily of cells rich in triglycerides or fat. 
With this complicated structure of the skin 900,901, the 
concentration of glucose may vary in each layer according 
to a variety of factors including the water content, the 

15 relative sizes of the fluid compartments, the distribution of 
capillaries, the perfusion of blood, the glucose uptake of 
cells, the concentration of glucose in blood, and the driving 
forces ( e.g., osmotic pressure) behind diffusion. 

nal processing methodologies may help to reduce the inter­
ference, such as multivariate techniques, multiple linear 
regression, and factor-based algorithms, for example. For 
instance, a number of mathematical approaches include 
multiple linear regression, partial least squares, and principal 
component regression (PCR). Also, as illustrated in FIG. SA, 
various mathematical derivatives, including the first and 20 

second derivatives, may help to accentuate differences 
between spectra. In addition, by using a wider wavelength 
range and using more sampling wavelengths may improve 

To better understand the interference that the skin intro­
duces when attempting to measure glucose, the absorption 
coefficient for the various skin constituents should be exam­
ined. For example, FIG. 10 illustrates 1000 the absorption 
coefficients for water (including scattering) 1001, adipose 
1002, collagen 1003 and elastin 1004. Note that the absorp-the ability to discriminate one signal from another. These are 

just examples of some of the methods of improving the 25 

ability to discriminate between different constituents, but 
other techniques may also be used and are intended to be 
covered by this disclosure. 

tion curves for water 1001 and adipose 1002 are calibrated, 
whereas the absorption curves for collagen 1003 and elastin 
1004 are in arbitrary units. Also shown are vertical lines 
demarcating the wavelengths near 1210 run 1005 and 1 720 
run 1006. In general, the water absorption increases with Interference from Skin 

Several proposed non-invasive glucose monitoring tech­
niques rely on transmission, absorption, and/or diffuse 
reflection through the skin to measure blood constituents or 
blood analytes in veins, arteries, capillaries or in the tissue 
itself. However, on top of the interference from other blood 
constituents or analytes, the skin also introduces significant 
interference. For example, chemical, structural, and physi­
ological variations occur that may produce relatively large 
and nonlinear changes in the optical properties of the tissue 
sample. In one embodiment, the near-infrared reflectance or 
absorbance spectrum may be a complex combination of the 
tissue scattering properties that result from the concentration 
and characteristics of a multiplicity of tissue components 
including water, fat, protein, collagen, elastin, and/or glu­
cose. Moreover, the optical properties of the skin may also 
change with envirorunental factors such as humidity, tem­
perature and pressure. Physiological variation may also 
cause changes in the tissue measurement over time and may 
vary based on lifestyle, health, aging, etc. The structure and 
composition of skin may also vary widely among individu­
als, between different sites within an individual, and over 
time on the same individual. Thus, the skin introduces a 
dynamic interference signal that may have a wide variation 
due to a number of parameters. 

FIG. 9 shows a schematic cross-section of human skin 
900, 901. The top layer of the skin is epidermis 902, 
followed by a layer of dermis 903 and then subcutaneous fat 
904 below the dermis. The epidermis 902, with a thickness 
of approximately 10-150 microns, may provide a barrier to 
infection and loss of moisture and other body constituents. 
The dermis 903 ranges in thickness from approximately 0.5 
mm to 4 mm ( averages approximately 1.2 mm over most of 
the body) and may provide the mechanical strength and 
elasticity of skin. 

In the dermis 903, water may account for approximately 
70% of the volume. The next most abundant constituent in 
the dermis 903 may be collagen 905, a fibrous protein 
comprising 70-75% of the dry weight of the dermis 903. 

30 increasing wavelength. With the increasing absorption 
beyond about 2000 run, it may be difficult to achieve deeper 
penetration into biological tissue in the infrared wavelengths 
beyond approximately 2500 run. 

Although the absorption coefficient may be useful for 
35 determining the material in which light of a certain infrared 

wavelength will be absorbed, to determine the penetration 
depth of the light of a certain wavelength may also require 
the addition of scattering loss to the curves. For example, the 
water curve 1001 includes the scattering loss curve in 

40 addition to the water absorption. In particular, the scattering 
loss can be significantly higher at shorter wavelengths. In 
one embodiment, near the wavelength of 1720 run (vertical 
line 1006 shown in FIG. 10), the adipose absorption 1002 
can still be higher than the water plus scattering loss 1001. 

45 For tissue that contains adipose, collagen and elastin, such as 
the dermis of the skin, the total absorption can exceed the 
light energy lost to water absorption and light scattering at 
1720 run. On the other hand, at 1210 run the adipose 
absorption 1002 can be considerably lower than the water 

50 plus scattering loss 1001, particularly since the scattering 
loss can be dominant at these shorter wavelengths. 

The interference for glucose lines observed through skin 
may be illustrated by overlaying the glucose lines over the 
absorption curves 1000 for the skin constituents. For 

55 example, FIG. 2 illustrated that the glucose absorption 202 
included features centered around 1587 run, 1750 run, 2120 
run, 2270 run and 2320 run. On FIG. 10 vertical lines have 
been drawn at the glucose line wavelengths of 1587 run 
1007, 1750 run 1008, 2120 run 1009, 2270 run 1010 and 

60 2320 run 1011. In one embodiment, it may be difficult to 
detect the glucose lines near 1750 run 1008, 2270 run 1010 
and 2320 run 1011 due to significant spectral interference 
from other skin constituents. On the other hand, the glucose 
line near 1587 m 1007 may be more easily detected because 

65 it peaks while most of the other skin constituents are sloped 
downward toward an absorption valley. Moreover, the glu­
cose line near 2120 run 1009 may also be detectable for 
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similar reasons, although adipose may have conflicting 
behavior due to local absorption minimum and maximum 
nearby in wavelength. 

Thus, beyond the problem of other blood constituents or 
analytes having overlapping spectral features (e.g., FIG. 5), 
it may be difficult to observe glucose spectral signatures 
through the skin and its constituents of water, adipose, 
collagen and elastin. One approach to overcoming this 
difficulty may be to try to measure the blood constituents in 
veins that are located at relatively shallow distances below 

24 
cotton ball, applying some sort of cream, or placing an ice 
cube or chilled bag over the region of interest. 

Although two embodiments have been described, many 
other locations on the body may be used using a single or 

5 differential probe within the scope of this disclosure. In yet 
another embodiment, the wrist may be advantageously used, 
particularly where a pulse rate is typically monitored. Since 
the pulse may be easily felt on the wrist, there is underlying 
the region a distinct blood flow. Other embodiments may use 

10 other parts of the body, such as the car lobes, the tongue, the 
inner lip, the nails, the eye, or the teeth. Some of these 
embodiments will be further described below. The car lobes 
or the tip of the tongue may be advantageous because they 

the skin. Veins may be more beneficial for the measurement 
than arteries, since arteries tend to be located at deeper levels 
below the skin. Also, in one embodiment it may be advan­
tageous to use a differential measurement to subtract out 15 
some of the interfering absorption lines from the skin. For 
example, an instrument head may be designed to place one 
probe above a region of skin over a blood vein, while a 
second probe may be placed at a region of the skin without 

are thinner skin regions, thus permitting transmission rather 
than diffuse reflection. However, the interference from the 
skin is still a problem in these embodiments. Other regions 
such as the inner lip or the bottom of the tongue may be 
contemplated because distinct veins are observable, but still 
the interference from the skin may be problematic in these 
embodiments. The eye may seem as a viable alternative 
because it is more transparent than skin. However, there are 

a noticeable blood vein below it. Then, by differencing the 20 

signals from the two probes, at least part of the skin 
interference may be cancelled out. still issues with scattering in the eye. For example, the 

anterior chamber of the eye (the space between the cornea 
and the iris) comprises a fluid known as aqueous humor. 

Two representative embodiments for performing such a 
differential measurement are illustrated in FIG. 11 and FIG. 
12. In one embodiment shown in FIG. 11, the dorsal of the 
hand 1100 may be used for measuring blood constituents or 
analytes. The dorsal of the hand 1100 may have regions that 
have distinct veins 1101 as well as regions where the veins 
are not as shallow or pronounced 1102. By stretching the 
hand and leaning it backwards, the veins 1101 may be 
accentuated in some cases. A near-infrared diffuse reflec­
tance measurement may be performed by placing one probe 
1103 above the vein-rich region 1101. To turn this into a 
differential measurement, a second probe 1104 may be 
placed above a region without distinct veins 1102. Then, the 
outputs from the two probes may be subtracted 1105 to at 
least partially cancel out the features from the skin. The 
subtraction may be done preferably in the electrical domain, 
although it can also be performed in the optical domain or 
digitally/mathematically using sampled data based on the 
electrical and/or optical signals. Although one example of 
using the dorsal of the hand 1100 is shown, many other parts 
of the hand can be used within the scope of this disclosure. 
For example, alternate methods may use transmission 
through the webbing between the thumb and the fingers 
1106, or transmission or diffuse reflection through the tips of 
the fingers 1107. 

In another embodiment, the dorsal of the foot 1200 may 
be used instead of the hand. One advantage of such a 
configuration may be that for self-testing by a user, the foot 
may be easier to position the instrument using both hands. 
One probe 1203 may be placed over regions where there are 
more distinct veins 1201, and a near-infrared diffuse reflec­
tance measurement may be made. For a differential mea­
surement, a second probe 1204 may be placed over a region 
with less prominent veins 1202, and then the two probe 
signals may be subtracted, either electronically or optically, 
or may be digitized/sampled and processed mathematically 
depending on the particular application and implementation. 

25 However, the glucose level in the eye chamber may have a 
significant temporal lag on changes in the glucose level 
compared to the blood glucose level. 

Because of the complexity of the interference from skin in 
non-invasive glucose monitoring ( e.g., FIG. 10), other parts 

30 of the body without skin above blood vessels or capillaries 
may be alternative candidates for measuring blood constitu­
ents. One embodiment may involve transmission or reflec­
tion through human nails. As an example, FIG. 13 illustrates 
a typical human nail tissue structure 1300 and the capillary 

35 vessels below it. The fingernail 1301 is approximately 1 mm 
thick, and below this resides a layer of epidermis 1302 with 
a thickness of approximately 1 mm. The dermis 1304 is also 
shown, and within particularly the top about 0.5 mm of 
dermis are a significant number of capillary vessels. To 

40 measure the blood constituents, the light exposed on the top 
of the fingernail must penetrate about 2-2.5 mm or more, and 
the reflected light (round trip passage) should be sufficiently 
strong to measure. In one embodiment, the distance required 
to penetrate could be reduced by drilling a hole in the 

45 fingernail 1301. 
In this alternative embodiment using the fingernail, there 

may still be interference from the nail's spectral features. 
For example, FIG. 14 illustrates the attenuation coefficient 
1400 for seven nail samples that are allowed to stand in an 

50 environment with a humidity level of 14%. These coeffi­
cients are measured using an FTIR spectrometer over the 
near-infrared wavelength range of approximately 1 to 2.5 
microns. These spectra are believed to correspond to the 
spectra of keratin contained in the nail plate. The base lines 

55 for the different samples are believed to differ because of the 
influence of scattering. Several of the absorption peaks 
observed correspond to peaks of keratin absorption, while 
other features may appear from the underlying epidermis 
and dermis. It should also be noted that the attenuation 

As with the hand, the differential measurements may be 60 

intended to compensate for or subtract out (at least in part) 
coefficients 1400 also vary considerably depending on 
humidity level or water content as well as temperature and 
other environmental factors. Moreover, the attenuation coef­
ficient may also change in the presence of nail polish of 
various sorts. 

the interference from the skin. Since two regions are used in 
close proximity on the same body part, this may also aid in 
removing some variability in the skin from environmental 
effects such as temperature, humidity, or pressure. In addi- 65 

tion, it may be advantageous to first treat the skin before the 
measurement, by perhaps wiping with a cloth or treated 

Similar to skin, the large variations in attenuation coef­
ficient for fingernails also may interfere with the absorption 
peaks of glucose. As an example, in FIG. 14 below the 
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fingernail spectrum is also shown the glucose spectrum 1401 
for two different glucose concentrations. The vertical lines 
1402, 1403, 1404, 1405 and 1406 are drawn to illustrate the 
glucose absorption peaks and where they lie on the finger­
nail spectra 1400. As is apparent, the nail has interfering 5 

features that may be similar to skin, particularly since both 
have spectra that vary not only in wavelength but also with 
environmental factors. In one embodiment, it may be pos­
sible to see the glucose peaks 1402 and 1404 through the 
fingernail, but it may be much more difficult to observe the 10 

glucose peaks near 1403, 1405 and 1406. 
Transmission or Reflection Through Teeth 

Yet another embodiment may observe the transmittance 
or reflectance through teeth to measure blood constituents or 
analytes. FIG. 15 illustrates an exemplary structure of a 15 

tooth 1500. The tooth 1500 has a top layer called the crown 
1501 and below that a root 1502 that reaches well into the 
gum 1506 and bone 1508 of the mouth. The exterior of the 
crown 1501 is an enamel layer 1503, and below the enamel 
is a layer of dentine 1504 that sits atop a layer of cementum 20 

1507. Below the dentine 1504 is a pulp region 1505, which 
comprises within it blood vessels 1509 and nerves 1510. If 
the light can penetrate the enamel 1503 and dentine 1504, 
then the blood flow and blood constituents can be measured 
through the blood vessels in the dental pulp 1505. While it 25 

may be true that the amount of blood flow in the dental pulp 
1505 may be less since it comprises capillaries, the smaller 
blood flow could still be advantageous if there is less 
interfering spectral features from the tooth. 

The transmission, absorption and reflection from teeth has 30 

been studied in the near infrared, and, although there are 
some features, the enamel and dentine appear to be fairly 
transparent in the near infrared (particularly wavelengths 
between 1500 and 2500 nm). For example, the absorption or 
extinction ratio for light transmission has been studied. FIG. 35 

16A illustrates the attenuation coefficient 1600 for dental 

26 
has been studied. In one embodiment, FIG. 17 shows the 
near infrared spectral reflectance 1700 over the wavelength 
range of approximately 800 nm to 2500 nm from an occlusal 
(e.g., top/bottom) tooth surface 1704. The curve with black 
diamonds 1701 corresponds to the reflectance from a sound, 
intact tooth section. The curve with asterisks*l 702 corre-
sponds to a tooth section with an enamel lesion. The curve 
with circles 1703 corresponds to a tooth section with a 
dentine lesion. Thus, when there is a lesion, more scattering 
occurs and there may be an increase in the reflected light. 

For wavelengths shorter than approximately 1400 nm, the 
shapes of the spectra remain similar, but the amplitude of the 
reflection changes with lesions. Between approximately 
1400 nm and 2500 nm, an intact tooth 1701 has low 
reflectance (e.g., high transmission), and the reflectance 
appears to be more or less independent of wavelength. On 
the other hand, in the presence of lesions 1702 and 1703, 
there is increased scattering, and the scattering loss may be 
wavelength dependent. For example, the scattering loss may 
decrease as 1/(wavelength)3 -so, the scattering loss 
decreases with longer wavelengths. When there is a lesion in 
the dentine 1703, more water can accumulate in the area, so 
there is also increased water absorption. For example, the 
dips near 1450 nm and 1900 nm correspond to water 
absorption, and the reflectance dips are particularly pro­
nounced in the dentine lesion 1703. One other benefit of the 
absorption, transmission or reflectance in the near infrared 
may be that stains and non-calcified plaque are not visible in 
this wavelength range, enabling better discrimination of 
defects, cracks, and demineralized areas. 

Compared with the interference from skin 1000 in FIG. 10 
or fingernails 1400 in FIG. 14, the teeth appear to introduce 
much less interference for non-invasive monitoring of blood 
constituents. The few features in FIG. 16B or 17 may be 
calibrated out of the measurement. Also, using an intact 
tooth 1701 may further minimize any interfering signals. 
Furthermore, since the tooth comprises relatively hard tis­
sue, higher power from the light sources in the near infrared 
may be used without damaging the tissue, such as with skin. 

enamel 1601 (filled circles) and the absorption coefficient of 
water 1602 (open circles) versus wavelength. Near-infrared 
light may penetrate much further without scattering through 
all the tooth enamel, due to the reduced scattering coefficient 
in normal enamel. Scattering in enamel may be fairly strong 
in the visible, but decreases as approximately 1/(wave­
length)3 [i.e., inverse of the cube of the wavelength] with 
increasing wavelength to a value of only 2-3 cm-1 at 1310 
nm and 1550 nm in the near infrared. Therefore, enamel may 
be virtually transparent in the near infrared with optical 
attenuation 1-2 orders of magnitude less than in the visible 
range. 

40 Human Interface for Measurement System 

As another example, FIG. 16B illustrates the absorption 
spectrum 1650 of intact enamel 1651 (dashed line) and 
dentine 1652 (solid line) in the wavelength range of approxi­
mately 1.2 to 2.4 microns. In the near infrared there are two 
absorption bands around 1.5 and 2 microns. The band with 
a peak around 1.57 microns may be attributed to the over­
tone ofvalent vibration of water present in both enamel and 
dentine. In this band, the absorption is greater for dentine 
than for enamel, which may be related to the large water 
content in this tissue. In the region of 2 microns, dentine may 
have two absorption bands, and enamel one. The band with 
a maximum near 2.1 microns may belong to the overtone of 
vibration of PO hydroxyapatite groups, which is the main 
substance of both enamel and dentine. Moreover, the band 
with a peak near 1.96 microns in dentine may correspond to 
water absorption ( dentine may contain substantially higher 
water than enamel). 

In addition to the absorption coefficient, the reflectance 
from intact teeth and teeth with dental caries (e.g., cavities) 

A number of different types of measurements may be used 
to sample the blood in the dental pulp. The basic feature of 
the measurements should be that the optical properties are 
measured as a function of wavelength at a plurality of 

45 wavelengths. As further described below, the light source 
may output a plurality of wavelengths, or a continuous 
spectrum over a range of wavelengths. In a preferred 
embodiment, the light source may cover some or all of the 
wavelength range between approximately 1400 nm and 

50 2500 nm. The signal may be received at a receiver, which 
may also comprise a spectrometer or filters to discriminate 
between different wavelengths. The signal may also be 
received at a camera, which may also comprise filters or a 
spectrometer. In an alternate embodiment, the spectral dis-

55 crimination using filters or a spectrometer may be placed 
after the light source rather than at the receiver. The receiver 
usually comprises one or more detectors (optical-to-electri­
cal conversion element) and electrical circuitry. The receiver 
may also be coupled to analog to digital converters, particu-

60 larly if the signal is to be fed to a digital device. 
Referring to FIG. 15, one or more light sources 1511 may 

be used for illumination. In one embodiment, a transmission 
measurement may be performed by directing the light source 
output 1511 to the region near the interface between the gum 

65 1506 and dentine 1504. In one embodiment, the light may be 
directed using a light guide or a fiber optic. The light may 
then propagate through the dental pulp 1505 to the other 
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side, where the light may be incident on one or more 
detectors or another light guide to transport the signal to a 
spectrometer, receiver or camera 1512. In another embodi­
ment, the light source may be directed to one or more 
locations near the interface between the gum 1506 and 
dentine 1504 (in one example, could be from the two sides 
of the tooth). The transmitted light may then be detected in 
the occlusal surface above the tooth using a spectrometer, 
receiver, or camera 1512. In yet another embodiment, a 
reflectance measurement may be conducted by directing the 
light source output 1511 to, for example, the occlusal surface 
of the tooth, and then detecting the reflectance at a spec­
trometer, receiver or camera 1513. Although a few embodi­
ments for measuring the blood constituents through a tooth 
are described, other embodiments and techniques may also 
be used and are intended to be covered by this disclosure. 

The human interface for the non-invasive measurement of 
blood constituents may be of various forms. In one embodi­
ment, a "clamp" design 1800 may be used to cap over one 
or more teeth, as illustrated in FIG. 18A. The clamp design 
may be different for different types of teeth, or it may be 
flexible enough to fit over different types of teeth. For 
example, different types of teeth include the molars (toward 
the back of the mouth), the premolars, the canine, and the 
incisors (toward the front of the mouth). One embodiment of 
the clamp-type design is illustrated in FIG. 18A for a molar 
tooth 1808. The C-clamp 1801 may be made of a plastic or 
rubber material, and it may comprise a light source input 
1802 and a detector output 1803 on the front or back of the 
tooth. 

The light source input 1802 may comprise a light source 
directly, or it may have light guided to it from an external 
light source. Also, the light source input 1802 may comprise 
a lens system to collimate or focus the light across the tooth. 
The detector output 1803 may comprise a detector directly, 
or it may have a light guide to transport the signal to an 
external detector element. The light source input 1802 may 
be coupled electrically or optically through 1804 to a light 
input 1806. For example, if the light source is external in 
1806, then the coupling element 1804 may be a light guide, 
such as a fiber optic. Alternately, if the light source is 
contained in 1802, then the coupling element 1804 may be 
electrical wires connecting to a power supply in 1806. 
Similarly, the detector output 1803 may be coupled to a 
detector output unit 1807 with a coupling element 1805, 
which may be one or more electrical wires or a light guide, 
such as a fiber optic. This is just one example of a clamp over 
one or more teeth, but other embodiments may also be used 
and are intended to be covered by this disclosure. 

In yet another embodiment, one or more light source ports 
and sensor ports may be used in a mouth-guard type design. 
For example, one embodiment of a dental mouth guard 1850 

28 
comprise one or more detectors directly, or they may have 
one or more light guides to transport the signals to an 
external detector element. The light source inputs 1852, 
1853 may be coupled electrically or optically through 1856 

5 to a light input 1857. For example, if the light source is 
external in 1857, then the one or more coupling elements 
1856 may be one or more light guides, such as a fiber optic. 
Alternately, if the light sources are contained in 1852, 1853, 
then the coupling element 1856 may be one or more elec-

lO trical wires connecting to a power supply in 1857. Similarly, 
the detector outputs 1854, 1855 may be coupled to a detector 
output unit 1859 with one or more coupling elements 1858, 
which may be one or more electrical wires or one or more 

15 light guides, such as a fiber optic. This is just one example 
of a mouth guard design covering a plurality of teeth, but 
other embodiments may also be used and are intended to be 
covered by this disclosure. For instance, the position of the 
light source inputs and detector output ports could be 

20 exchanged, or some mixture of locations of light source 
inputs and detector output ports could be used. 

Other elements may be added to the human interface 
designs of FIG. 18 and are also intended to be covered by 
this disclosure. For instance, in one embodiment it may be 

25 desirable to have replaceable inserts that may be disposable. 
Particularly in a doctor's office or hospital setting, the same 
instrument may be used with a plurality of patients. Rather 
than disinfecting the human interface after each use, it may 
be preferable to have disposable inserts that can be thrown 

30 away after each use. In one embodiment, a thin plastic 
coating material may enclose the clamp design of FIG. 18A 
or mouth guard design of FIG. 18B. The coating material 
may be inserted before each use, and then after the mea­
surement is exercised the coating material may be peeled off 

35 and replaced. Such a design may save the physician or user 
considerable time, while at the same time provide the 
business venture with a recurring cost revenue source. Any 
coating material or other disposable device may be con­
structed of a material having suitable optical properties that 

40 may be considered during processing of the signals used to 
detect any anomalies in the teeth. 
Light Sources for Near Infrared 

There are a number of light sources that may be used in 
the near infrared. To be more specific, the discussion below 

45 will consider light sources operating in the so-called short 
wave infrared (SWIR), which may cover the wavelength 
range of approximately 1400 nm to 2500 nm. Other wave­
length ranges may also be used for the applications 
described in this disclosure, so the discussion below is 

50 merely provided for exemplary types of light sources. The 
SWIR wavelength range may be valuable for a number of 
reasons. First, the SWIR corresponds to a transmission 
window through water and the atmosphere. For example, 
302 in FIG. 3A and 1602 in FIG. 16A illustrate the water 

is illustrated in FIG. 18B. The structure of the mouth guard 
1851 may be similar to mouth guards used in sports (e.g., 
when playing football or boxing) or in dental trays used for 55 

applying fluoride treatment, and the mouth guard may be 
made from plastic or rubber materials, for example. As an 
example, the mouth guard may have one or more light 
source input ports 1852, 1853 and one or more detector 
output ports 1854, 1855. Although six input and output ports 60 

are illustrated, any number of ports may be used. 

transmission windows. Also, through the atmosphere, wave­
lengths in the SWIR have similar transmission windows due 
to water vapor in the atmosphere. Second, the so-called 
"eye-safe" wavelengths are wavelengths longer than 
approximately 1400 nm. Third, the SWIR covers the wave-
length range for nonlinear combinations of stretching and 
bending modes as well as the first overtone of C-H 

Similar to the clamp design describe above, the light 
source inputs 1852, 1853 may comprise one or more light 
sources directly, or they may have light guided to them from 
an external light source. Also, the light source inputs 1852, 65 

1853 may comprise lens systems to collimate or focus the 
light across the teeth. The detector outputs 1854, 1855 may 

stretching modes. Thus, for example, glucose and ketones 
among other substances may have unique signatures in the 
SWIR. Moreover, many solids have distinct spectral signa­
tures in the SWIR, so particular solids may be identified 
using stand-off detection or remote sensing. For instance, 
many explosives have unique signatures in the SWIR. 
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Different light sources may be selected for the SWIR 
based on the needs of the application. Some of the features 
for selecting a particular light source include power or 
intensity, wavelength range or bandwidth, spatial or tempo-

30 
current may be used in particular structures, such as distrib­
uted Bragg reflector LDs. In another embodiment, external 
cavity LDs may be used that have a tuning element, such as 
a fiber grating or a bulk grating, in the external cavity. 

In another embodiment, super-luminescent laser diodes 
may provide higher power as well as broad bandwidth. An 
SLD is typically an edge emitting semiconductor light 
source based on super-luminescence (e.g., this could be 
amplified spontaneous emission). SLDs combine the higher 

ral coherence, spatial beam quality for focusing or trans- 5 

mission over long distance, and pulse width or pulse rep­
etition rate. Depending on the application, lamps, light 
emitting diodes (LEDs), laser diodes (LD's), tunable LD's, 
super-luminescent laser diodes (SLDs), fiber lasers or super­
continuum sources (SC) may be advantageously used. Also, 
different fibers may be used for transporting the light, such 

10 power and brightness of LDs with the low coherence of 
conventional LEDs, and the emission band for SLD's may 
be 5 to 100 nm wide, preferably in the 60 to 100 nm range. 
Although currently SLDs are commercially available in the 
wavelength range of approximately 400 nm to 1700 nm, 

as fused silica fibers, plastic fibers, mid-infrared fibers ( e.g., 
tellurite, chalcogenides, fluorides, ZBLAN, etc), or a hybrid 
of these fibers. 

Lamps may be used if low power or intensity of light is 
required in the SWIR, and if an incoherent beam is suitable. 
In one embodiment, in the SWIR an incandescent lamp that 
can be used is based on tungsten and halogen, which have 
an emission wavelength between approximately 500 nm to 
2500 nm. For low intensity applications, it may also be 
possible to use thermal sources, where the SWIR radiation 
is based on the black body radiation from the hot object. 
Although the thermal and lamp based sources are broadband 
and have low intensity fluctuations, it may be difficult to 
achieve a high signal-to-noise ratio in a non-invasive blood 
constituent measurement due to the low power levels. Also, 
the lamp based sources tend to be energy inefficient. 

15 SLDs could and may in the future be made to cover a 
broader region of the SWIR. 

In yet another embodiment, high power LDs for either 
direct excitation or to pump fiber lasers and SC light sources 
may be constructed using one or more laser diode bar stacks. 

20 As an example, FIG. 19 shows an example of the block 
diagram 1900 or building blocks for constructing the high 
power LDs. In this embodiment, one or more diode bar 
stacks 1901 may be used, where the diode bar stack may be 
an array of several single emitter LDs. Since the fast axis 

25 ( e.g., vertical direction) may be nearly diffraction limited 
while the slow-axis (e.g., horizontal axis) may be far from 
diffraction limited, different collimators 1902 may be used 
for the two axes. In another embodiment, LED's can be used that have a 

higher power level in the SWIR wavelength range. LED's 
also produce an incoherent beam, but the power level can be 30 

higher than a lamp and with higher energy efficiency. Also, 

Then, the brightness may be increased by spatially com­
bining the beams from multiple stacks 1903. The combiner 
may include spatial interleaving, it may include wavelength 
multiplexing, or it may involve a combination of the two. 
Different spatial interleaving schemes may be used, such as 
using an array of prisms or mirrors with spacers to bend one 

the LED output may more easily be modulated, and the LED 
provides the option of continuous wave or pulsed mode of 
operation. LED's are solid state components that emit a 
wavelength band that is of moderate width, typically 35 

between about 20 nm to 40 nm. There are also so-called 
array of beams into the beam path of the other. In another 
embodiment, segmented mirrors with alternate high-reflec-

super-luminescent LEDs that may even emit over a much 
wider wavelength range. In another embodiment, a wide 
band light source may be constructed by combining different 
LEDs that emit in different wavelength bands, some of 
which could preferably overlap in spectrum. One advantage 
of LEDs as well as other solid state components is the 
compact size that they may be packaged into. 

In yet another embodiment, various types of laser diodes 
may be used in the SWIR wavelength range. Just as LEDs 
may be higher in power but narrower in wavelength emis­
sion than lamps and thermal sources, the LDs may be yet 
higher in power but yet narrower in wavelength emission 
than LEDs. Different kinds of LDs may be used, including 
Fabry-Perot LDs, distributed feedback (DFB) LDs, distrib­
uted Bragg reflector (DBR) LDs. Since the LDs have 
relatively narrow wavelength range (typically under 10 nm), 
in one embodiment a plurality of LDs may be used that are 
at different wavelengths in the SWIR. For example, in a 
preferred embodiment for non-invasive glucose monitoring, 
it may be advantageous to use LDs having emission spectra 
near some or all of the glucose spectral peaks ( e.g., near 
1587 nm, 1750 nm, 2120 nm, 2270 nm, and 2320 nm). The 
various LDs may be spatially multiplexed, polarization 
multiplexed, wavelength multiplexed, or a combination of 
these multiplexing methods. Also, the LDs may be fiber 
pig-tailed or have one or more lenses on the output to 
collimate or focus the light. Another advantage of LDs is 
that they may be packaged compactly and may have a 
spatially coherent beam output. Moreover, tunable LDs that 
can tune over a range of wavelengths are also available. The 
tuning may be done by varying the temperature, or electrical 

tion and anti-reflection coatings may be used. Moreover, the 
brightness may be increased by polarization beam combin­
ing 1904 the two orthogonal polarizations, such as by using 

40 a polarization beam splitter. In one embodiment, the output 
may then be focused or coupled into a large diameter core 
fiber. As an example, typical dimensions for the large 
diameter core fiber range from approximately 100 microns 
in diameter to 400 microns or more. Alternatively or in 

45 addition, a custom beam shaping module 1905 may be used, 
depending on the particular application. For example, the 
output of the high power LD may be used directly 1906, or 
it may be fiber coupled 1907 to combine, integrate, or 
transport the high power LD energy. These high power LDs 

50 may grow in importance because the LD powers can rapidly 
scale up. For example, instead of the power being limited by 
the power available from a single emitter, the power may 
increase in multiples depending on the number of diodes 
multiplexed and the size of the large diameter fiber. 

55 Although FIG. 19 is shown as one embodiment, some or all 
of the elements may be used in a high power LD, or 
additional elements may also be used. 
SWIR Super-Continuum Lasers 

Each of the light sources described above have particular 
60 strengths, but they also may have limitations. For example, 

there is typically a trade-off between wavelength range and 
power output. Also, sources such as lamps, thermal sources, 
and LEDs produce incoherent beams that may be difficult to 
focus to a small area and may have difficulty propagating for 

65 long distances. An alternative source that may overcome 
some of these limitations is an SC light source. Some of the 
advantages of the SC source may include high power and 
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intensity, wide bandwidth, spatially coherent beam that can 
propagate nearly transform limited over long distances, and 
easy compatibility with fiber delivery. 

Supercontinuum lasers may combine the broadband attri­
butes of lamps with the spatial coherence and high bright- 5 

ness of lasers. By exploiting a modulational instability 
initiated supercontinuum (SC) mechanism, an all-fiber-in­
tegrated SC laser with no moving parts may be built using 
commercial-off-the-shelf (COTS) components. Moreover, 
the fiber laser architecture may be a platform where SC in 10 

the visible, near-infrared/SWIR, or mid-IR can be generated 
by appropriate selection of the amplifier technology and the 
SC generation fiber. But until now, SC lasers were used 
primarily in laboratory settings since typically large, table­
top, mode-locked lasers were used to pump nonlinear media 15 

such as optical fibers to generate SC light. However, those 
large pump lasers may now be replaced with diode lasers 
and fiber amplifiers that gained maturity in the telecommu­
nications industry. 

In one embodiment, an all-fiber-integrated, high-powered 20 

SC light source 2000 may be elegant for its simplicity (FIG. 
20). The light may be first generated from a seed laser diode 
2001. For example, the seed LD 2001 may be a distributed 
feedback laser diode with a wavelength near 1542 or 1550 
nm, with approximately 0.5-2.0 ns pulsed output, and with 25 

a pulse repetition rate between a kilohertz to about 100 MHz 
or more. The output from the seed laser diode may then be 
amplified in a multiple-stage fiber amplifier 2002 compris-
ing one or more gain fiber segments. In one embodiment, the 
first stage pre-amplifier 2003 may be designed for optimal 30 

noise performance. For example, the pre-amplifier 2003 may 
be a standard erbium-doped fiber amplifier or an erbium/ 
ytterbium doped cladding pumped fiber amplifier. Between 
amplifier stages 2003 and 2006, it may be advantageous to 
use band-pass filters 2004 to block amplified spontaneous 35 

emission and isolators 2005 to prevent spurious reflections. 
Then, the power amplifier stage 2006 may use a cladding­
pumped fiber amplifier that may be optimized to minimize 
nonlinear distortion. The power amplifier fiber 2006 may 
also be an erbium-doped fiber amplifier, if only low or 40 

moderate power levels are to be generated. 
The SC generation 2007 may occur in the relatively short 

lengths of fiber that follow the pump laser. In one exemplary 
embodiment, the SC fiber length may range from a few 
millimeters to 100 m or more. In one embodiment, the SC 45 

generation may occur in a first fiber 2008 where the modu­
lational-instability initiated pulse break-up primarily occurs, 
followed by a second fiber 2009 where the SC generation 
and spectral broadening primarily occurs. 

In one embodiment, one or two meters of standard single- 50 

mode fiber (SMF) after the power amplifier stage may be 
followed by several meters of SC generation fiber. For this 
example, in the SMF the peak power may be several 
kilowatts and the pump light may fall in the anomalous 
group-velocity dispersion regime----often called the soliton 55 

regime. For high peak powers in the dispersion regime, the 
nanosecond pulses may be unstable due to a phenomenon 
known as modulational instability, which is basically para­
metric amplification in which the fiber nonlinearity helps to 
phase match the pulses. As a consequence, the nanosecond 60 

pump pulses may be broken into many shorter pulses as the 
modulational instability tries to form soliton pulses from the 
quasi-continuous-wave background. Although the laser 
diode and amplification process starts with approximately 
nanosecond-long pulses, modulational instability in the 65 

short length of SMF fiber may form approximately 0.5 ps to 
several-picosecond-long pulses with high intensity. Thus, 
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the few meters of SMF fiber may result in an output similar 
to that produced by mode-locked lasers, except in a much 
simpler and cost-effective manner. 

The short pulses created through modulational instability 
may then be coupled into a nonlinear fiber for SC genera­
tion. The nonlinear mechanisms leading to broadband SC 
may include four-wave mixing or self-phase modulation 
along with the optical Raman effect. Since the Raman effect 
is self-phase-matched and shifts light to longer wavelengths 
by emission of optical photons, the SC may spread to longer 
wavelengths very efficiently. The short-wavelength edge 
may arise from four-wave mixing, and often times the short 
wavelength edge may be limited by increasing group-veloc­
ity dispersion in the fiber. In many instances, if the particular 
fiber used has sufficient peak power and SC fiber length, the 
SC generation process may fill the long-wavelength edge up 
to the transmission window. 

Mature fiber amplifiers for the power amplifier stage 2006 
include ytterbium-doped fibers (near 1060 nm), erbium­
doped fibers (near 1550 nm), erbium/ytterbium-doped fibers 
(near 1550 nm), or thulium-doped fibers (near 2000 nm). In 
various embodiments, candidates for SC fiber 2009 include 
fused silica fibers (for generating SC between 0.8-2.7 µm), 
mid-IR fibers such as fluorides, chalcogenides, or tellurites 
(for generating SC out to 4.5 µm or longer), photonic crystal 
fibers (for generating SC between 0.4 and 1.7 µm), or 
combinations of these fibers. Therefore, by selecting the 
appropriate fiber-amplifier doping for 2006 and nonlinear 
fiber 2009, SC may be generated in the visible, near-IR/ 
SWIR, or mid-IR wavelength region. 

The configuration 2000 of FIG. 20 is just one particular 
example, and other configurations can be used and are 
intended to be covered by this disclosure. For example, 
further gain stages may be used, and different types of lossy 
elements or fiber taps may be used between the amplifier 
stages. In another embodiment, the SC generation may occur 
partially in the amplifier fiber and in the pig-tails from the 
pump combiner or other elements. In yet another embodi­
ment, polarization maintaining fibers may be used, and a 
polarizer may also be used to enhance the polarization 
contrast between amplifier stages. Also, not discussed in 
detail are many accessories that may accompany this set-up, 
such as driver electronics, pump laser diodes, safety shut­
offs, and thermal management and packaging. 

One example of an SC laser that operates in the SWIR 
used in one embodiment is illustrated in FIG. 21. This SWIR 
SC source 2100 produces an output ofup to approximately 
5 W over a spectral range of about 1.5 to 2.4 microns, and 
this particular laser is made out of polarization maintaining 
components. The seed laser 2101 is a distributed feedback 
(DFB) laser operating near 1542 nm producing approxi­
mately 0.5 nanosecond (ns) pulses at an about 8 MHz 
repetition rate. The pre-amplifier 2102 is forward pumped 
and uses about 2 m length of erbium/ytterbium cladding 
pumped fiber 2103 ( often also called dual-core fiber) with an 
inner core diameter of 12 microns and outer core diameter 
of 130 microns. The pre-amplifier gain fiber 2103 is pumped 
using a 10 W 940 nm laser diode 2105 that is coupled in 
using a fiber combiner 2104. 

In this particular 5 W unit, the mid-stage between ampli­
fier stages 2102 and 2106 comprises an isolator 2107, a 
band-pass filter 2108, a polarizer 2109 and a fiber tap 2110. 
The power amplifier 2106 uses a 4 m length of the 12/130 
micron erbium/ytterbium doped fiber 2111 that is counter­
propagating pumped using one or more 30 W 940 nm laser 
diodes 2112 coupled in through a combiner 2113. An 
approximately 1-2 meter length of the combiner pig-tail 
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helps to initiate the SC process, and then a length of 
PM-1550 fiber 2115 (polarization maintaining, single-mode, 
fused silica fiber optimized for 1550 nm) is spliced 2114 to 
the combiner output. 

If an output fiber of about 10 m in length is used, then the 5 

resulting output spectrum 2200 is shown in FIG. 22. The 
details of the output spectrum 2200 depend on the peak 
power into the fiber, the fiber length, and properties of the 
fiber such as length and core size, as well as the zero 
dispersion wavelength and the dispersion properties. For 10 

example, if a shorter length of fiber is used, then the 
spectrum actually reaches to longer wavelengths ( e.g., a 2 m 
length of SC fiber broadens the spectrum to -2500 nm). 
Also, if extra-dry fibers are used with less O-H content, 
then the wavelength edge may also reach to a longer 15 

wavelength. To generate more spectrum toward the shorter 
wavelengths, the pump wavelength (in this case -1542 nm) 
should be close to the zero dispersion wavelength in the 
fiber. For example, by using a dispersion shifted fiber or 
so-called non-zero dispersion shifted fiber, the short wave- 20 

length edge may shift to shorter wavelengths. 
Although one particular example of a 5 W SWIR-SC has 

been described, different components, different fibers, and 
different configurations may also be used consistent with 
this disclosure. For instance, another embodiment of the 25 

similar configuration 2100 in FIG. 21 may be used to 
generate high powered SC between approximately 1060 and 
1800 nm. For this embodiment, the seed laser 2101 may be 
a 1064 nm distributed feedback (DFB) laser diode, the 
pre-amplifier gain fiber 2103 may be a ytterbium-doped fiber 30 

amplifier with 10/125 microns dimensions, and the pump 
laser 2105 may be a 10 W 915 nm laser diode. In the 
mid-stage, a mode field adapter may be included in addition 
to the isolator 2107, band pass filter 2108, polarizer 2109 
and tap 2110. The gain fiber 2111 in the power amplifier may 35 

be a 20 m length of ytterbium-doped fiber with 25/400 
microns dimension for example. The pump 2112 for the 
power amplifier may be up to six pump diodes providing 30 
W each near 915 nm, for example. For this much pump 
power, the output power in the SC may be as high as 50 W 40 

or more. 
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can comprise an erbium/ytterbium doped double-clad fiber. 
A bandpass filter 2305 and isolator 2306 may be used 
between the pre-amplifier 2302 and mid-stage amplifier 
2303. The power amplifier stage 2304 can comprise a larger 
core size erbium/ytterbium doped double-clad fiber, and 
another bandpass filter 2307 and isolator 2308 can be used 
before the power amplifier 2304. The output of the power 
amplifier can be coupled to the SC fiber 2309 to generate the 
SC output 2310. This is just one exemplary configuration for 
an SC source, and other configurations or elements may be 
used consistent with this disclosure. 

In yet another embodiment, the bottom of FIG. 23 illus-
trates a block diagram for an SC source 2350 capable of 
generating light between approximately 1900 and 2500 nm 
or broader. As an example, the seed laser diode 2351 can 
comprise a DFB or DBR laser that generates, for example, 
several milliwatts of power around 1542 or 1553 nm. The 
fiber pre-amplifier 2352 can comprise an erbium-doped fiber 
amplifier or an erbium/ytterbium doped double-clad fiber. In 
this example a mid-stage amplifier 2353 can be used, which 
can comprise an erbium/ytterbium doped double-clad fiber. 
A bandpass filter 2355 and isolator 2356 may be used 
between the pre-amplifier 2352 and mid-stage amplifier 
2353. The power amplifier stage 2354 can comprise a 
thulium doped double-clad fiber, and another isolator 2357 
can be used before the power amplifier 2354. Note that the 
output of the mid-stage amplifier 2353 can be approximately 
near 1550 nm, while the thulium-doped fiber amplifier 2354 
can amplify wavelengths longer than approximately 1900 
nm and out to about 2100 nm. Therefore, for this configu­
ration wavelength shifting may be required between 2353 
and 2354. In one embodiment, the wavelength shifting can 
be accomplished using a length of standard single-mode 
fiber 2358, which can have a length between approximately 
5 and 50 meters, for example. The output of the power 
amplifier 2354 can be coupled to the SC fiber 2359 to 
generate the SC output 2360. This is just one exemplary 
configuration for an SC source, and other configurations or 
elements can be used consistent with this disclosure. For 
example, the various amplifier stages can comprise different 
amplifier types, such as erbium doped fibers, ytterbium 
doped fibers, erbium/ytterbium co-doped fibers and thulium 
doped fibers. One advantage of the SC lasers illustrated in 
FIGS. 20-23 are that they may use all-fiber components, so 

In another embodiment, it may be desirous to generate 
high power SWIR SC over 1.4-1.8 microns and separately 
2-2.5 microns (the window between 1.8 and 2 microns may 
be less important due to the strong water and atmospheric 
absorption). For example, the top SC source of FIG. 23 can 
lead to bandwidths ranging from about 1400 nm to 1800 nm 

45 that the SC laser can be all-fiber, monolithically integrated 
with no moving parts. The all-integrated configuration can 
consequently be robust and reliable. 

or broader, while the lower SC source of FIG. 23 can lead FIGS. 20-23 are examples of SC light sources that may be 
advantageously used for SWIR light generation in various to bandwidths ranging from about 1900 nm to 2500 nm or 

broader. Since these wavelength ranges are shorter than 
about 2500 nm, the SC fiber can be based on fused silica 
fiber. Exemplary SC fibers include standard single-mode 
fiber SMF, high-nonlinearity fiber, high-NA fiber, dispersion 
shifted fiber, dispersion compensating fiber, and photonic 
crystal fibers. Non-fused-silica fibers can also be used for SC 
generation, including chalcogenides, fluorides, ZBLAN, tel­
lurites, and germanium oxide fibers. 

50 medical diagnostic and therapeutic applications. However, 
many other versions of the SC light sources may also be 
made that are intended to also be covered by this disclosure. 
For example, the SC generation fiber could be pumped by a 
mode-locked laser, a gain-switched semiconductor laser, an 

55 optically pumped semiconductor laser, a solid state laser, 
other fiber lasers, or a combination of these types of lasers. 
Also, rather than using a fiber for SC generation, either a 
liquid or a gas cell might be used as the nonlinear medium In one embodiment, the top of FIG. 23 illustrates a block 

diagram for an SC source 2300 capable of generating light 
between approximately 1400 and 1800 nm or broader. As an 60 

example, a pump fiber laser similar to FIG. 21 can be used 
as the input to a SC fiber 2309. The seed laser diode 2301 
can comprise a DFB laser that generates, for example, 
several milliwatts of power around 1542 or 1553 nm. The 
fiber pre-amplifier 2302 can comprise an erbium-doped fiber 65 

amplifier or an erbium/ytterbium doped double clad fiber. In 
this example a mid-stage amplifier 2303 can be used, which 

in which the spectrum is to be broadened. 
Even within the all-fiber versions illustrated such as in 

FIG. 21, different configurations could be used consistent 
with the disclosure. In an alternate embodiment, it may be 
desirous to have a lower cost version of the SWIR SC laser 
of FIG. 21. One way to lower the cost could be to use a 
single stage of optical amplification, rather than two stages, 
which may be feasible if lower output power is required or 
the gain fiber is optimized. For example, the pre-amplifier 
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stage 2102 might be removed, along with at least some of the 
mid-stage elements. In yet another embodiment, the gain 
fiber could be double passed to emulate a two stage ampli­
fier. In this example, the pre-amplifier stage 2102 might be 
removed, and perhaps also some of the mid-stage elements. 
A mirror or fiber grating reflector could be placed after the 
power amplifier stage 2106 that may preferentially reflect 
light near the wavelength of the seed laser 2101. If the mirror 

36 
The personal device 2405 may store, process, display, and 

transmit some of the data from the measurement device 
2401. The device 2405 may comprise a receiver, transmitter, 
display, voice control and speakers, and one or more control 

5 buttons or knobs and a touch screen. Examples of the device 
2405 include smart phones such as the Apple iPhones® or 
phones operating on the Android or Microsoft systems. In 
one embodiment, the device 2405 may have an application, 
software program, or firmware to receive and process the or fiber grating reflector can transmit the pump light near 

940 nm, then this could also be used instead of the pump 
combiner 2113 to bring in the pump light 2112. The SC fiber 
2115 could be placed between the seed laser 2101 and the 
power amplifier stage 2106 (SC is only generated after the 
second pass through the amplifier, since the power level may 15 
be sufficiently high at that time). In addition, an output 
coupler may be placed between the seed laser diode 2101 
and the SC fiber, which now may be in front of the power 
amplifier 2106. In a particular embodiment, the output 
coupler could be a power coupler or divider, a dichroic 20 

coupler ( e.g., passing seed laser wavelength but outputting 

10 data from the measurement device 2401. The device 2405 
may then transmit some or all of the data or the processed 
data over a second communication link 2406 to the internet 
or "cloud" 2407. The second communication link 2406 may 
advantageously comprise at least one segment of a wireless 
transmission link, which may operate using WiFi or the 
cellular network. The second communication link 2406 may 
additionally comprise lengths of fiber optic and/or commu­
nication over copper wires or cables. 

The internet or cloud 2407 may add value to the mea­
surement device 2401 by providing services that augment 
the physiological data collected. In a particular embodiment, 
some of the functions performed by the cloud include: (a) 
receive at least a fraction of the data from the device 2405; 
(b) buffer or store the data received; ( c) process the data 

the SC wavelengths), or a wavelength division multiplexer 
coupler. This is just one further example, but a myriad of 
other combinations of components and architectures could 
also be used for SC light sources to generate SWIR light that 25 

are intended to be covered by this disclosure. 
using software stored on the cloud; ( d) store the resulting 
processed data; and ( c) transmit some or all of the data either 

Wireless Link to the Cloud 
The non-invasive blood constituent or analytes measure­

ment device may also benefit from communicating the data 
output to the "cloud" ( e.g., data servers and processors in the 
web remotely connected) via wired and/or wireless commu­
nication strategies. The non-invasive devices may be part of 
a series ofbiosensors applied to the patient, and collectively 
these devices form what might be called a body area network 
or a personal area network. The biosensors and non-invasive 
devices may communicate to a smart phone, tablet, personal 
data assistant, computer, and/or other microprocessor-based 
device, which may in tum wirelessly or over wire and/or 
fiber optically transmit some or all of the signal or processed 
data to the internet or cloud. The cloud or internet may in 
turn send the data to doctors or health care providers as well 
as the patients themselves. Thus, it may be possible to have 
a panoramic, high-definition, relatively comprehensive view 
of a patient that doctors can use to assess and manage 
disease, and that patients can use to help maintain their 
health and direct their own care. 

In a particular embodiment 2400, the physiological mea­
surement device or non-invasive blood constituent measure­
ment device 2401 may comprise a transmitter 2403 to 
communicate over a first communication link 2404 in the 
body area network or personal area network to a receiver in 
a smart phone, tablet cell phone, PDA, or computer 2405. 

upon request or based on an alarm. As an example, the data 
or processed data may be transmitted 2408 back to the 
originator (e.g., patient or user), it may be transmitted 2409 

30 to a health care provider or doctor, or it may be transmitted 
2410 to other designated recipients. 

The cloud 2407 may provide a number of value-add 
services. For example, the cloud application may store and 
process the physiological data for future reference or during 

35 a visit with the healthcare provider. If a patient has some sort 
of medical mishap or emergency, the physician can obtain 
the history of the physiological parameters over a specified 
period of time. In another embodiment, if the physiological 
parameters fall out of acceptable range, alarms may be 

40 delivered to the user 2408, the healthcare provider 2409, or 
other designated recipients 2410. These are just some of the 
features that may be offered, but many others may be 
possible and are intended to be covered by this disclosure. 
As an example, the device 2405 may also have a GPS sensor, 

45 so the cloud 2407 may be able to provide time, data and 
position along with the physiological parameters. Thus, if 
there is a medical emergency, the cloud 2407 could provide 
the location of the patient to the healthcare provider 2409 or 
other designated recipients 2410. Moreover, the digitized 

50 data in the cloud 2407 may help to move toward what is 
often called "personalized medicine." Based on the physi­
ological parameter data history, medication or medical 
therapies may be prescribed that are customized to the For the measurement device 2401, it may also be advanta­

geous to have a processor 2402 to process some of the 
physiological data, since with processing the amount of data 55 

to transmit may be less (hence, more energy efficient). The 
first communication link 2404 may operate through the use 

particular patient. 
Beyond the above benefits, the cloud application 2407 

and application on the device 2405 may also have financial 
value for companies developing measurement devices 2401 
such as a non-invasive blood constituent monitor. In the case 
of glucose monitors, the companies make the majority of 

of one of many wireless technologies such as Bluetooth, 
Zigbee, WiFi, IrDA (infrared data association), wireless 
USB, or Z-wave, to name a few. Alternatively, the commu­
nication link 2404 may occur in the wireless medical band 
between 2360 and 2390 MHz, which the FCC allocated for 
medical body area network devices, or in other designated 
medical device or WMTS bands. These are examples of 
devices that can be used in the body area network and 
surroundings, but other devices could also be used and are 
included in the scope of this disclosure. 

60 their revenue on the measurement strips. However, with a 
non-invasive monitor, there is no need for strips, so there is 
less of an opportunity for recurring costs (e.g., the razor/ 
razor blade model does not work for non-invasive devices). 
On the other hand, people may be willing to pay a periodic 

65 fee for the value-add services provided on the cloud 2407. 
Diabetic patients, for example, would probably be willing to 
pay a periodic fee for monitoring their glucose levels, 
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storing the history of the glucose levels, and having alarm 
warnings when the glucose level falls out of range. Simi­
larly, patients taking ketone bodies supplement for treatment 
of disorders characterized by impaired glucose metabolism 
(e.g., Alzheimer's, Parkinson's, Huntington's or ALS) may 5 

need to monitor their ketone bodies level. These patients 
would also probably be willing to pay a periodic fee for the 
value-add services provided on the cloud 2407. Thus, by 
leveraging the advances in wireless connectivity and the 
widespread use of handheld devices such as smart phones 10 

that can wirelessly connect to the cloud, businesses can build 
a recurring cost business model even using non-invasive 
measurement devices. 

Described herein are just some examples of the beneficial 
use of near-infrared or SWIR lasers for non-invasive moni- 15 

taring of glucose, ketones, HbAlc and other blood constitu­
ents. However, many other medical procedures can use the 
near-infrared or SWIR light consistent with this disclosure 
and are intended to be covered by the disclosure. 
Section 2: Short-Wave Infrared Super-Continuum Lasers for 20 

Early Detection of Dental Caries 
Near-infrared (NIR) and SWIR light may be preferred for 

caries detection compared to visible light imaging because 
the NIR/SWIR wavelengths generally have lower absorp­
tion by stains and deeper penetration into teeth. Hence, 25 

NIR/SWIR light may provide a caries detection method that 
can be non-invasive, non-contact and relatively stain insen­
sitive. Broadband light may provide further advantages 
because carious regions may demonstrate spectral signatures 
from water absorption and the wavelength dependence of 30 

porosity in the scattering of light. 
In general, the near-infrared region of the electromagnetic 

spectrum covers between approximately 0.7 microns (700 
nm) to about 2.5 microns (2500 nm). However, it may also 
be advantageous to use just the short-wave infrared between 35 

approximately 1.4 microns (1400 nm) and about 2.5 microns 
(2500 nm). One reason for preferring the SWIR over the 
entire NIR may be to operate in the so-called "eye safe" 
window, which corresponds to wavelengths longer than 
about 1400 nm. Therefore, for the remainder of the disclo- 40 

sure the SWIR will be used for illustrative purposes. How­
ever, it should be clear that the discussion that follows could 
also apply to using the NIR wavelength range, or other 
wavelength bands. 

In particular, wavelengths in the eye safe window may not 45 

transmit down to the retina of the eye, and therefore, these 
wavelengths may be less likely to create permanent eye 
damage from inadvertent exposure. The near-infrared wave­
lengths have the potential to be dangerous, because the eye 
cannot see the wavelengths ( as it can in the visible), yet they 50 

can penetrate and cause damage to the eye. Even if a 
practitioner is not looking directly at the laser beam, the 
practitioner's eyes may receive stray light from a reflection 
or scattering from some surface. Hence, it can always be a 
good practice to use eye protection when working around 55 

lasers. Since wavelengths longer than about 1400 nm are 
substantially not transmitted to the retina or substantially 
absorbed in the retina, this wavelength range is known as the 
eye safe window. For wavelengths longer than 1400 nm, in 
general only the cornea of the eye may receive or absorb the 60 

light radiation. 
FIG. 25 illustrates the structure of an exemplary cross­

section of a tooth 2500. The tooth 2500 has a top layer called 
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cementum 2507. Below the dentine 2504 is a pulp region 
2505, which comprises within it blood vessels 2509 and 
nerves 2510. If the light can penetrate the enamel 2503 and 
dentine 2504, then the blood flow and blood constituents 
may be measured through the blood vessels in the dental 
pulp 2505. While the amount of blood flow in the capillaries 
of the dental pulp 2505 may be less than an artery or vein, 
the smaller blood flow could still be advantageous for 
detecting or measuring blood constituents as compared to 
detection through the skin if there is less interfering spectral 
features from the tooth. 

As used throughout this document, the term "couple" and 
or "coupled" refers to any direct or indirect communication 
between two or more elements, whether or not those ele­
ments are physically connected to one another. As used 
throughout this disclosure, the term "spectroscopy" means 
that a tissue or sample is inspected by comparing different 
features, such as wavelength ( or frequency), spatial location, 
transmission, absorption, reflectivity, scattering, refractive 
index, or opacity. In one embodiment, "spectroscopy" may 
mean that the wavelength of the light source is varied, and 
the transmission, absorption, or reflectivity of the tissue or 
sample is measured as a function of wavelength. In another 
embodiment, "spectroscopy" may mean that the wavelength 
dependence of the transmission, absorption or reflectivity is 
compared between different spatial locations on a tissue or 
sample. As an illustration, the "spectroscopy" may be per­
formed by varying the wavelength of the light source, or by 
using a broadband light source and analyzing the signal 
using a spectrometer, wavemeter, or optical spectrum ana­
lyzer. 

As used throughout this disclosure, the term "fiber laser" 
refers to a laser or oscillator that has as an output light or an 
optical beam, wherein at least a part of the laser comprises 
an optical fiber. For instance, the fiber in the "fiber laser" 
may comprise one of or a combination of a single mode 
fiber, a multi-mode fiber, a mid-infrared fiber, a photonic 
crystal fiber, a doped fiber, a gain fiber, or, more generally, 
an approximately cylindrically shaped waveguide or light­
pipe. In one embodiment, the gain fiber may be doped with 
rare earth material, such as ytterbium, erbium, and/or thu-
lium, for example. In another embodiment, the mid-infrared 
fiber may comprise one or a combination of fluoride fiber, 
ZBLAN fiber, chalcogenide fiber, tellurite fiber, or germa­
nium doped fiber. In yet another embodiment, the single 
mode fiber may include standard single-mode fiber, disper-
sion shifted fiber, non-zero dispersion shifted fiber, high­
nonlinearity fiber, and small core size fibers. 

As used throughout this disclosure, the term "pump laser" 
refers to a laser or oscillator that has as an output light or an 
optical beam, wherein the output light or optical beam is 
coupled to a gain medium to excite the gain medium, which 
in tum may amplify another input optical signal or beam. In 
one particular example, the gain medium may be a doped 
fiber, such as a fiber doped with ytterbium, erbium, and/or 
thulium. In one embodiment, the "pump laser" may be a 
fiber laser, a solid state laser, a laser involving a nonlinear 
crystal, an optical parametric oscillator, a semiconductor 
laser, or a plurality of semiconductor lasers that may be 
multiplexed together. In another embodiment, the "pump 
laser" may be coupled to the gain medium by using a fiber 
coupler, a dichroic mirror, a multiplexer, a wavelength 
division multiplexer, a grating, or a fused fiber coupler. 

the crown 2501 and below that a root 2502 that reaches well 
into the gum 2506 and bone 2508 of the mouth. The exterior 
of the crown 2501 is an enamel layer 2503, and below the 
enamel is a layer of dentine 2504 that sits atop a layer of 

As used throughout this document, the term "super-
65 continuum" and or "supercontinuum" and or "SC" refers to 

a broadband light beam or output that comprises a plurality 
of wavelengths. In a particular example, the plurality of 
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curve with circles 2703 corresponds to a tooth section with 
a dentine lesion. Thus, when there is a lesion, more scatter­
ing occurs and there may be an increase in the reflected light. 

For wavelengths shorter than approximately 1400 nm, the 

wavelengths may be adjacent to one-another, so that the 
spectrum of the light beam or output appears as a continuous 
band when measured with a spectrometer. In one embodi­
ment, the broadband light beam may have a bandwidth or at 
least 10 nm. In another embodiment, the "super-continuum" 5 

may be generated through nonlinear optical interactions in a 
medium, such as an optical fiber or nonlinear crystal. For 
example, the "super-continuum" may be generated through 
one or a combination of nonlinear activities such as four­
wave mixing, the Raman effect, modulational instability, 
and self-phase modulation. 

shapes of the spectra remain similar, but the amplitude of the 
reflection changes with lesions. Between approximately 
1400 nm and 2500 nm, an intact tooth 2701 has low 
reflectance (e.g., high transmission), and the reflectance 
appears to be more or less independent of wavelength. On 

10 the other hand, in the presence of lesions 2702 and 2703, 
there is increased scattering, and the scattering loss may be 
wavelength dependent. For example, the scattering loss may 
decrease as the inverse of some power of wavelength, such 

As used throughout this disclosure, the terms "optical 
light" and or "optical beam" and or "light beam" refer to 
photons or light transmitted to a particular location in space. 
The "optical light" and or "optical beam" and or "light 
beam" may be modulated or unmodulated, which also 
means that they may or may not contain information. In one 
embodiment, the "optical light" and or "optical beam" and 
or "light beam" may originate from a fiber, a fiber laser, a 
laser, a light emitting diode, a lamp, a pump laser, or a light 
source. 
Transmission or Reflection Through Teeth 

15 as 1/(wavelength)3-so, the scattering loss decreases with 
longer wavelengths. When there is a lesion in the dentine 
2703, more water can accumulate in the area, so there is also 
increased water absorption. For example, the dips near 1450 
nm and 1900 nm may correspond to water absorption, and 

20 the reflectance dips are particularly pronounced in the den­
tine lesion 2703. 

FIG. 27 may point to several novel techniques for early 
The transmission, absorption and reflection from teeth has 

been studied in the near infrared, and, although there are 
some features, the enamel and dentine appear to be fairly 25 

transparent in the near infrared (particularly SWIR wave­
lengths between about 1400 and 2500 nm). For example, the 
absorption or extinction ratio for light transmission has been 
studied. FIG. 26A illustrates the attenuation coefficient 2600 

detection and quantification of carious regions. One method 
may be to use a relatively narrow wavelength range (for 
example, from a laser diode or super-luminescent laser 
diode) in the wavelength window below 1400 nm. In one 
embodiment, wavelengths in the vicinity of 1310 nm may be 
used, which is a standard telecommunications wavelength 
where appropriate light sources are available. Also, it may 
be advantageous to use a super-luminescent laser diode 
rather than a laser diode, because the broader bandwidth 

for dental enamel 2601 (filled circles) and the absorption 30 

coefficient of water 2602 ( open circles) versus wavelength. 
Near-infrared light may penetrate much further without 
scattering through all the tooth enamel, due to the reduced 
scattering coefficient in normal enamel. Scattering in enamel 
may be fairly strong in the visible, but decreases as approxi- 35 

mately 1/(wavelength)3 [i.e., inverse of the cube of the 
wavelength] with increasing wavelength to a value of only 

may avoid the production of laser speckle that can produce 
interference patterns due to light's scattering after striking 
irregular surfaces. As FIG. 27 shows, the amplitude of the 
reflected light (which may also be proportional to the inverse 
of the transmission) may increase with dental caries. Hence, 
comparing the reflected light from a known intact region 
with a suspect region may help identify carious regions. 
However, one difficulty with using a relatively narrow 

2-3 cm-1 at 1310 nm and 1550 nm in the near infrared. 
Therefore, enamel may be virtually transparent in the near 
infrared with optical attenuation 1-2 orders of magnitude 
less than in the visible range. 

As another example, FIG. 26B illustrates the absorption 
spectrum 2650 of intact enamel 2651 ( dashed line) and 
dentine 2652 (solid line) in the wavelength range of approxi­
mately 1.2 to 2.4 microns. In the near infrared there are two 
absorption bands in the areas of about 1.5 and 2 microns. 
The band with a peak around 1.57 microns may be attributed 
to the overtone of valent vibration of water present in both 
enamel and dentine. In this band, the absorption is greater 
for dentine than for enamel, which may be related to the 
large water content in this tissue. In the region of 2 microns, 
dentine may have two absorption bands, and enamel one. 
The band with a maximum near 2.1 microns may belong to 
the overtone of vibration of PO hydroxyapatite groups, 
which is the main substance of both enamel and dentine. 
Moreover, the band with a peak near 1.96 microns in dentine 
may correspond to water absorption ( dentine may contain 
substantially higher water than enamel). 

In addition to the absorption coefficient, the reflectance 
from intact teeth and teeth with dental caries (e.g., cavities) 
has been studied. In one embodiment, FIG. 27 shows the 
near infrared spectral reflectance 2700 over the wavelength 
range of approximately 800 nm to 2500 nm from an occlusal 
( e.g., top) tooth surface 2704. The curve with black dia­
monds 2701 corresponds to the reflectance from a sound, 
intact tooth section. The curve with asterisks (*) 2702 
corresponds to a tooth section with an enamel lesion. The 

40 wavelength range and relying on amplitude changes may be 
the calibration of the measurement. For example, the ampli­
tude of the reflected light may depend on many factors, such 
as irregularities in the dental surface, placement of the light 
source and detector, distance of the measurement instrument 

45 from the tooth, etc. 
In one embodiment, use of a plurality of wavelengths can 

help to better calibrate the dental caries measurement. For 
example, a plurality of laser diodes or super-luminescent 
laser diodes may be used at different center wavelengths. 

50 Alternately, a lamp or alternate broadband light source may 
be used followed by appropriate filters, which may be placed 
after the light source or before the detectors. In one example, 
wavelengths near 1090 nm, 1440 nm and 1610 nm may be 
employed. The reflection from the tooth 2705 appears to 

55 reach a local maximum near 1090 nm in the representative 
embodiment illustrated. Also, the reflectance near 1440 nm 
2706 is higher for dental caries, with a distinct dip particu­
larly for dentine caries 2703. Near 1610 nm 2707, the 
reflection is also higher for carious regions. By using a 

60 plurality of wavelengths, the values at different wavelengths 
may help quantify a caries score. In one embodiment, the 
degree of enamel lesions may be proportional to the ratio of 
the reflectance near 1610 nm divided by the reflectance near 
1090 nm. Also, the degree of dentine lesion may be propor-

65 tional to the difference between the reflectance near 1610 nm 
and 1440 nm, with the difference then divided by the 
reflectance near 1090 nm. Although one set of wavelengths 
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has been described, other wavelengths may also be used and 
are intended to be covered by this disclosure. 

In yet another embodiment, it may be further advanta­
geous to use all of some fraction of the SWIR between 
approximately 1400 and 2500 nm. For example, a SWIR 5 

super-continuum light source could be used, or a lamp 
source could be used. On the receiver side, a spectrometer 
and/or dispersive element could be used to discriminate the 
various wavelengths. As FIG. 27 shows, an intact tooth 2701 
has a relatively low and featureless reflectance over the 10 

SWIR. On the other hand, with a carious region there is 
more scattering, so the reflectance 2702, 2703 increases in 
amplitude. Since the scattering is inversely proportional to 
wavelength or some power of wavelength, the carious 
region reflectance 2702, 2703 also decreases with increasing 15 

wavelength. Moreover, the carious region may contain more 
water, so there are dips in the reflectance near the water 
absorption lines 2706 and 2708. The degree of caries or 
caries score may be quantified by the shape of the spectrum 
over the SWIR, taking ratios of different parts of the 20 

spectrum, or some combination of this and other spectral 
processing methods. 

Although several methods of early caries detection using 
spectral reflectance have been described, other techniques 
could also be used and are intended to be covered by this 25 

disclosure. For example, transmittance may be used rather 
than reflectance, or a combination of the two could be used. 
Moreover, the transmittance, reflectance and/or absorbance 
could also be combined with other techniques, such as 
quantitative light-induced fluorescence or fiber-optic trans- 30 

illumination. Also, the SWIR could be advantageous, but 
other parts of the infrared, near-infrared or visible wave­
lengths may also be used consistent with this disclosure. 

One other benefit of the absorption, transmission or 
reflectance in the near infrared and SWIR may be that stains 35 

and non-calcified plaque are not visible in this wavelength 
range, enabling better discrimination of defects, cracks, and 
demineralized areas. For example, dental calculus, accumu­
lated plaque, and organic stains and debris may interfere 
significantly with visual diagnosis and fluorescence-based 40 

caries detection schemes in occlusal surfaces. In the case of 
using quantitative light-induced fluorescence, such con­
founding factors typically may need to be removed by 
prophylaxis (abrasive cleaning) before reliable measure­
ments can be taken. Surface staining at visible wavelengths 45 

may further complicate the problem, and it may be difficult 

42 
filters or a spectrometer. In one embodiment, the spectral 
discrimination using filters or a spectrometer may be placed 
after the light source rather than at the receiver. The receiver 
usually comprises one or more detectors (optical-to-electri­
cal conversion element) and electrical circuitry. The receiver 
may also be coupled to analog to digital converters, particu-
larly if the signal is to be fed to a digital device. 

Referring to FIG. 25, one or more light sources 2511 may 
be used for illumination. In one embodiment, a transmission 
measurement may be performed by directing the light source 
output 2511 to the region near the interface between the gum 
2506 and dentine 2504. In one embodiment, the light may be 
directed using a light guide or a fiber optic. The light may 
then propagate through the dental pulp 2505 to the other 
side, where the light may be incident on one or more 
detectors or another light guide to transport the signal to 
2512 a spectrometer, receiver, and/or camera, for example. 
In one embodiment, the light source may be directed to one 
or more locations near the interface between the gum 2506 
and dentine 2504 (in one example, could be from the two 
sides of the tooth). The transmitted light may then be 
detected in the occlusal surface above the tooth using a 2512 
spectrometer, receiver, or camera, for example. In another 
embodiment, a reflectance measurement may be conducted 
by directing the light source output 2511 to, for example, the 
occlusal surface of the tooth, and then detecting the reflec-
tance at a 2513 spectrometer, receiver or camera. Although 
a few embodiments for imaging the tooth are described, 
other embodiments and techniques may also be used and are 
intended to be covered by this disclosure. These optical 
techniques may measure optical properties such as reflec-
tance, transmittance, absorption, or luminescence. 

In one embodiment, FIG. 28 shows that the light source 
and/or detection system may be integrated with a dental 
hand-piece 2800. The hand-piece 2800 may also include 
other dental equipment, such as a drill, pick, air spray or 
water cooling stream. The dental hand-piece 2800 may 
include a housing 2801 and a motor housing 2802 (in some 
embodiments such as with a drill, a motor may be placed in 
this section). The end of hand-piece 2803 that interfaces 
with the tooth may be detachable, and it may also have the 
light input and output end. The dental hand-piece 2800 may 
also have an umbilical cord 2804 for connecting to power 
supplies, diagnostics, or other equipment, for example. 

A light guide 2805 may be integrated with the hand-piece 
2800, either inside the housing 2801, 2802 or adjacent to the 
housing. In one embodiment, a light source 2810 may be 
contained within the housing 2801, 2802. In an alternative 
embodiment, the hand-piece 2800 may have a coupler 2810 

to determine whether pits and fissures are simply stained or 
demineralized. On the other hand, staining and pigmentation 
generally interfere less with NIR or SWIR imaging. For 
example, NIR and SWIR light may not be absorbed by 
melanin and porphyrins produced by bacteria and those 
found in food dyes that accumulate in dental plaque and are 
responsible for the pigmentation. 
Human Interface for Measurement System 

50 to couple to an external light source 2811 and/or detection 
system or receiver 2812. The light source 2811 may be 
coupled to the hand-piece 2800 using a light guide or fiber 
optic cable 2806. In addition, the detection system or 
receiver 2812 may be coupled to the hand-piece 2800 using 

A number of different types of measurements may be used 55 one or more light guides, fiber optic cable or a bundle of 
fibers 2807. to image for dental caries, particularly early detection of 

dental caries. A basic feature of the measurements may be 
that the optical properties are measured as a function of 
wavelength at a plurality of wavelengths. As further 
described below, the light source may output a plurality of 60 

wavelengths, or a continuous spectrum over a range of 
wavelengths. In one embodiment, the light source may cover 
some or all of the wavelength range between approximately 
1400 nm and 2500 nm. The signal may be received at a 
receiver, which may also comprise a spectrometer or filters 65 

to discriminate between different wavelengths. The signal 
may also be received at a camera, which may also comprise 

The light incident on the tooth may exit the hand-piece 
2800 through the end 2803. The end 2803 may also have a 
lens system or curved mirror system to collimate or focus the 
light. In one embodiment, if the light source is integrated 
with a tool such as a drill, then the light may reach the tooth 
at the same point as the tip of the drill. The reflected or 
transmitted light from the tooth may then be observed 
externally and/or guided back through the light guide 405 in 
the hand-piece 2800. If observed externally, there may be a 
lens system 408 for collecting the light and a detection 
system 2809 that may have one or more detectors and 
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electronics. If the light is to be guided back through the 
hand-piece 2800, then the reflected light may transmit 
through the light guide 2805 back to the detection system or 
receiver 2812. In one embodiment, the incident light may be 
guided by a fiber optic through the light guide 2805, and the 
reflected light may be captured by a series of fibers forming 
a bundle adjacent to or surrounding the incident light fiber. 

In another embodiment, a "clamp" design 2900 may be 
used as a cap over one or more teeth, as illustrated in FIG. 
29. The clamp design may be different for different types of 
teeth, or it may be flexible enough to fit over different types 
of teeth. For example, different types of teeth include the 
molars (toward the back of the mouth), the premolars, the 
canine, and the incisors (toward the front of the mouth). One 
embodiment of the clamp-type design is illustrated in FIG. 
29 for a molar tooth 2908. The C-clamp 2901 may be made 
of a plastic or rubber material, and it may comprise a light 
source input 2902 and a detector output 2903 on the front or 
back of the tooth, for example. 

The light source input 2902 may comprise a light source 
directly, or it may have light guided to it from an external 
light source. Also, the light source input 2902 may comprise 
a lens system to collimate or focus the light across the tooth. 
The detector output 2903 may comprise a detector directly, 
or it may have a light guide to transport the signal to an 
external detector element. The light source input 2902 may 
be coupled electrically or optically through 2904 to a light 
input 2906. For example, if the light source is external in 
2906, then the coupling element 2904 may be a light guide, 
such as a fiber optic. Alternately, if the light source is 
contained in 2902, then the coupling element 2904 may be 
electrical wires connecting to a power supply in 2906. 
Similarly, the detector output 2903 may be coupled to a 
detector output unit 2907 with a coupling element 2905, 
which may be one or more electrical wires or a light guide, 
such as a fiber optic. This is just one example of a clamp over 
one or more teeth, but other embodiments may also be used 
and are intended to be covered by this disclosure. For 
example, if reflectance from the teeth is to be used in the 
measurement, then the light input 2902 and detected light 
input 2903 may be on the same side of the tooth. 

In yet another embodiment, one or more light source ports 
and sensor ports may be used in a mouth-guard type design. 
For example, one embodiment of a dental mouth guard 3000 

44 
then the coupling element 3006 may be one or more elec­
trical wires connecting to a power supply in 3007. Similarly, 
the detector outputs 3004, 3005 may be coupled to a detector 
output unit 3009 with one or more coupling elements 3008, 

5 which may be one or more electrical wires or one or more 
light guides, such as a fiber optic. This is just one example 
of a mouth guard design covering a plurality of teeth, but 
other embodiments may also be used and are intended to be 
covered by this disclosure. For instance, the position of the 

10 light source inputs and detector output ports could be 
exchanged, or some mixture of locations of light source 
inputs and detector output ports could be used. Also, if 
reflectance from the teeth is to be measured, then the light 
sources and detectors may be on the same side of the tooth. 

15 Moreover, it may be advantageous to pulse the light source 
with a particular pulse width and pulse repetition rate, and 
then the detection system can measure the pulsed light 
returned from or transmitted through the tooth. Using a 
lock-in type technique (e.g., detecting at the same frequency 

20 as the pulsed light source and also possibly phase locked to 
the same signal), the detection system may be able to reject 
background or spurious signals and increase the signal-to­
noise ratio of the measurement. 

Other elements may be added to the human interface 
25 designs of FIGS. 28-30 and are also intended to be covered 

by this disclosure. For instance, in one embodiment it may 
be desirable to have replaceable inserts that may be dispos­
able. Particularly in a dentist's or doctor's office or hospital 
setting, the same instrument may be used with a plurality of 

30 patients. Rather than disinfecting the human interface after 
each use, it may be preferable to have disposable inserts that 
can be thrown away after each use. In one embodiment, a 
thin plastic coating material may enclose the clamp design 
of FIG. 29 or mouth guard design of FIG. 30. The coating 

35 material may be inserted before each use, and then after the 
measurement is exercised the coating material may be 
peeled off and replaced. The coating or covering material 
may be selected based on suitable optical properties that do 
not affect the measurement, or known optical properties that 

40 can be calibrated or compensated for during measurement. 
Such a design may save the dentist or physician or user 
considerable time, while at the same time provide the 
business venture with a recurring cost revenue source. 
Wireless Link to the Cloud 

is illustrated in FIG. 30. The structure of the mouth guard 45 

3001 may be similar to mouth guards used in sports (e.g., 
when playing football or boxing) or in dental trays used for 
applying fluoride treatment, and the mouth guard may be 
made from plastic, rubber, or any other suitable materials. As 

The non-invasive dental caries measurement device may 
also benefit from communicating the data output to the 
"cloud" ( e.g., data servers and processors in the web 
remotely connected) via wireless means. The non-invasive 
devices may be part of a series of biosensors applied to the 
patient, and collectively these devices form what might be 
called a body area network or a personal area network. The 

an example, the mouth guard may have one or more light 50 

source input ports 3002, 3003 and one or more detector 
output ports 3004, 3005. Although six input and output ports 
are illustrated, any number of ports may be used. 

Similar to the clamp design described above, the light 
source inputs 3002, 3003 may comprise one or more light 55 

sources directly, or they may have light guided to them from 
an external light source. Also, the light source inputs 3002, 
3003 may comprise lens systems to collimate or focus the 
light across the teeth. The detector outputs 3004, 3005 may 
comprise one or more detectors directly, or they may have 60 

one or more light guides to transport the signals to an 
external detector element. The light source inputs 3002, 
3003 may be coupled electrically or optically through 3006 

biosensors and non-invasive devices may communicate to a 
smart phone, tablet, personal data assistant, computer and/or 
other microprocessor-based device, which may in turn wire­
lessly or over wire and/or fiber optic transmit some or all of 
the signal or processed data to the internet or cloud. The 
cloud or internet may in turn send the data to dentists, 
doctors or health care providers as well as the patients 
themselves. Thus, it may be possible to have a panoramic, 
high-definition, relatively comprehensive view of a patient 
that doctors and dentists can use to assess and manage 
disease, and that patients can use to help maintain their 
health and direct their own care. 

to a light input 3007. For example, if the light source is 
external in 3007, then the one or more coupling elements 
3006 may be one or more light guides, such as a fiber optic. 
Alternately, if the light sources are contained in 3002, 3003, 

In a particular embodiment 3100, the non-invasive mea-
65 surement device 3101 may comprise a transmitter 3103 to 

communicate over a first communication link 3104 in the 
body area network or personal area network to a receiver in 
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medicine." Based on the dental or physiological parameter 
data history, medication or medical/dental therapies may be 
prescribed that are customized to the particular patient. 
Another advantage for commercial entities may be that by 

a smart phone, tablet, cell phone, PDA, and/or computer 
3105, for example. For the measurement device 3101, it may 
also be advantageous to have a processor 3102 to process 
some of the measured data, since with processing the 
amount of data to transmit may be less (hence, more energy 
efficient). The first communication link 3104 may operate 
through the use of one of many wireless technologies such 

5 leveraging the advances in wireless connectivity and the 
widespread use of handheld devices such as smart phones 
that can wirelessly connect to the cloud, businesses can build 
a recurring cost business model even using non-invasive 
measurement devices. 

as Bluetooth, Zig bee, WiFi, Ir DA (infrared data association), 
wireless USB, or Z-wave, to name a few. Alternatively, the 
communication link 3104 may occur in the wireless medical 10 

band between 2360 MHz and 2390 MHz, which the FCC 
allocated for medical body area network devices, or in other 
designated medical device or WMTS bands. These are 
examples of devices that can be used in the body area 
network and surroundings, but other devices could also be 15 

used and are included in the scope of this disclosure. 
The personal device 3105 may store, process, display, and 

transmit some of the data from the measurement device 
3101. The device 3105 may comprise a receiver, transmitter, 
display, voice control and speakers, and one or more control 20 

buttons or knobs and a touch screen. Examples of the device 
3105 include smart phones such as the Apple iPhones® or 
phones operating on the Android or Microsoft systems. In 
one embodiment, the device 3105 may have an application, 
software program, or firmware to receive and process the 25 

data from the measurement device 3101. The device 3105 
may then transmit some or all of the data or the processed 
data over a second communication link 3106 to the internet 

Described herein are just some examples of the beneficial 
use of near-infrared or SWIR lasers for non-invasive mea­
surements of dental caries and early detection of carious 
regions. However, many other dental or medical procedures 
can use the near-infrared or SWIR light consistent with this 
disclosure and are intended to be covered by the disclosure. 
Section 3: Short-Wave Infrared Super-Continuum Lasers for 
Natural Gas Leak Detection, Exploration, and Other Active 
Remote Sensing Applications 

One advantage of optical systems is that they can perform 
non-contact, stand-off or remote sensing distance spectros­
copy of various materials. For remote sensing particularly, it 
may also be necessary to operate in atmospheric transmis­
sion windows. For example, two windows in the SWIR that 
transmit through the atmosphere are approximately 1 .4-1.8 
microns and 2-2.5 microns. In general, the near-infrared 
region of the electromagnetic spectruni covers between 
approximately 0.7 microns (700 nm) to about 2.5 microns 
(2500 nm). However, it may also be advantageous to use just 
the short-wave infrared between approximately 1.4 microns or "cloud" 3107. The second communication link 3106 may 

advantageously comprise at least one segment of a wireless 
transmission link, which may operate using WiFi or the 
cellular network. The second communication link 3106 may 
additionally comprise lengths of fiber optic and/or commu­
nication over copper wires or cables. 

30 (1400 nm) and about 2.5 microns (2500 nm). One reason for 
preferring the SWIR over the entire NIR may be to operate 
in the so-called "eye safe" window, which corresponds to 
wavelengths longer than about 1400 nm. Therefore, for the 
remainder of the disclosure the SWIR will be used for 

The internet or cloud 3107 may add value to the mea- 35 

surement device 3101 by providing services that augment 
the measured data collected. In a particular embodiment, 
some of the functions performed by the cloud include: (a) 
receive at least a fraction of the data from the device 3105; 
(b) buffer or store the data received; ( c) process the data 40 

using software stored on the cloud; ( d) store the resulting 
processed data; and ( e) transmit some or all of the data either 
upon request or based on an alarm. As an example, the data 
or processed data may be transmitted 3108 back to the 
originator (e.g., patient or user), it may be transmitted 3109 45 

to a health care provider or doctor or dentist, or it may be 
transmitted 3110 to other designated recipients. 

Service providers coupled to the cloud 3107 may provide 
a number of value-add services. For example, the cloud 
application may store and process the dental data for future 50 

reference or during a visit with the dentist or healthcare 
provider. If a patient has some sort of medical mishap or 
emergency, the physician can obtain the history of the dental 
or physiological parameters over a specified period of time. 
In another embodiment, alarms, warnings or reminders may 55 

be delivered to the user 3108, the healthcare provider 3109, 
or other designated recipients 3110. These are just some of 
the features that may be offered, but many others may be 
possible and are intended to be covered by this disclosure. 
As an example, the device 3105 may also have a GPS sensor, 60 

so the cloud 3107 may be able to provide time, date, and 
position along with the dental or physiological parameters. 
Thus, if there is a medical or dental emergency, the cloud 
3107 could provide the location of the patient to the dental 
or healthcare provider 3109 or other designated recipients 65 

3110. Moreover, the digitized data in the cloud 3107 may 
help to move toward what is often called "personalized 

illustrative purposes. However, it should be clear that the 
discussion that follows could also apply to using the NIR 
wavelength range, or other wavelength bands. 

In particular, wavelengths in the eye safe window may not 
transmit down to the retina of the eye, and therefore, these 
wavelengths may be less likely to create permanent eye 
damage from inadvertent exposure. The near-infrared wave-
lengths have the potential to be dangerous, because the eye 
carmot see the wavelengths ( as it can in the visible), yet they 
can penetrate and cause damage to the eye. Even if a 
practitioner is not looking directly at the laser beam, the 
practitioner's eyes may receive stray light from a reflection 
or scattering from some surface. Hence, it can always be a 
good practice to use eye protection when working around 
lasers. Since wavelengths longer than about 1400 nm are 
substantially not transmitted to the retina or substantially 
absorbed in the retina, this wavelength range is known as the 
eye safe window. For wavelengths longer than 1400 nm, in 
general only the cornea of the eye may receive or absorb the 
light radiation. 

The SWIR wavelength range may be particularly valuable 
for identifying materials based on their chemical composi­
tion because the wavelength range comprises overtones and 
combination bands for numerous chemical bonds. As an 
example, FIG. 32 illustrates some of the wavelength bands 
for different chemical compositions. In 100 is plotted wave­
length ranges in the SWIR (between 1400 and 2500 nm) for 
different chemical compounds that have vibrational or rota­
tional resonances, along with whether the bands are over­
tone or combination bands. Numerous hydro-carbons are 
represented, along with oxygen-hydrogen and carbon-oxy­
gen bonds. Thus, gases, liquids and solids that comprise 
these chemical compounds may exhibit spectral features in 

 
 

IPR2025-01251 Page 126



US 12,193,790 B2 
47 

the SWIR wavelength range. In a particular embodiment, the 
spectra of organic compounds may be dominated by the 
C-H stretch. The C-H stretch fundamental occurs near 

48 
thulium. In one embodiment, the "pump laser" may be a 
fiber laser, a solid state laser, a laser involving a nonlinear 
crystal, an optical parametric oscillator, a semiconductor 
laser, or a plurality of semiconductor lasers that may be 3.4 microns, the first overtone is near 1.7 microns, and a 

combination band occurs near 2.3 microns. 
One embodiment of remote sensing that is used to identify 

and classify various materials is so-called "hyper-spectral 
imaging." Hyper-spectral sensors may collect information as 

5 multiplexed together. In another embodiment, the "pump 
laser" may be coupled to the gain medium by using a fiber 
coupler, a dichroic mirror, a multiplexer, a wavelength 
division multiplexer, a grating, or a fused fiber coupler. 

a set of images, where each image represents a range of 
wavelengths over a spectral band. Hyper-spectral imaging 10 

may deal with imaging narrow spectral bands over ~n 
approximately continuous spectral range. As an example, m 
hyper-spectral imaging the sun may be used as the illumi­
nation source, and the daytime illumination may comprise 
direct solar illumination as well as scattered solar (skylight), 15 

which is caused by the presence of the atmosphere. How­
ever, the sun illumination changes with time of day, clouds 
or inclement weather may block the sun light, and the sun 
light is not accessible in the night time. Therefore, it would 
be advantageous to have a broadband light source covering 20 

the SWIR that may be used in place of the sun to identify or 
classify materials in remote sensing or stand-off detection 
applications. 

As used throughout this document, the term "couple" and 
or "coupled" refers to any direct or indirect communication 25 

between two or more elements, whether or not those ele­
ments are physically connected to one another. As used 
throughout this disclosure, the term "spectroscopy" means 
that a tissue or sample is inspected by comparing different 
features, such as wavelength ( or frequency), spatial location, 30 

transmission, absorption, reflectivity, scattering, refractive 
index, or opacity. In one embodiment, "spectroscopy" may 
mean that the wavelength of the light source is varied, and 
the transmission, absorption or reflectivity of the tissue or 
sample is measured as a function of wavelength. In another 35 

embodiment, "spectroscopy" may mean that the wavelength 
dependence of the transmission, absorption or reflectivity is 
compared between different spatial locations on a tissue or 
sample. As an illustration, the "spectroscopy" may be per­
formed by varying the wavelength of the light source, or by 40 

using a broadband light source and analyzing the signal 
using a spectrometer, wavemeter, or optical spectrum ana­
lyzer. 

As used throughout this document, the term "fiber laser" 
refers to a laser or oscillator that has as an output light or an 45 

optical beam, wherein at least a part of the laser comprises 
an optical fiber. For instance, the fiber in the "fiber laser" 
may comprise one of or a combination of a single mo~e 
fiber, a multi-mode fiber, a mid-infrared fiber, a photomc 
crystal fiber, a doped fiber, a gain fiber, or, more generally, 50 

an approximately cylindrically shaped waveguide or lig~t­
pipe. In one embodiment, the gain fiber may be doped with 
rare earth material, such as ytterbium, erbium, and/or thu­
lium. In another embodiment, the mid-infrared fiber may 
comprise one or a combination of fluoride fiber, ZBLAN 55 

fiber, chalcogenide fiber, tellurite fiber, or germanium doped 
fiber. In yet another embodiment, the single mode fiber may 
include standard single-mode fiber, dispersion shifted fiber, 
non-zero dispersion shifted fiber, high-nonlinearity fiber, 
and small core size fibers. 60 

As used throughout this disclosure, the term "pump laser" 
refers to a laser or oscillator that has as an output light or an 
optical beam, wherein the output light or optical beam is 
coupled to a gain medium to excite the gain medium, which 
in tum may amplify another input optical signal or beam. In 
one particular example, the gain medium may be a doped 
fiber, such as a fiber doped with ytterbium, erbium and/or 

65 

As used throughout this document, the term "super-
continuum" and or "supercontinuum" and or "SC" refers to 
a broadband light beam or output that comprises a plurality 
of wavelengths. In a particular example, the plurality of 
wavelengths may be adjacent to one-another, so that the 
spectrum of the light beam or output appears as a continuo~s 
band when measured with a spectrometer. In one embodi­
ment, the broadband light beam may have a bandwidth of at 
least 10 nm. In another embodiment, the "super-continuum" 
may be generated through nonlinear optical interactions in a 
medium, such as an optical fiber or nonlinear crystal. For 
example, the "super-continuum" may be generated through 
one or a combination of nonlinear activities such as four­
wave mixing, parametric amplification, the Raman effect, 
modulational instability, and self-phase modulation. 

As used throughout this disclosure, the terms "optical 
light" and or "optical beam" and or "light beam" refer to 
photons or light transmitted to a particular location in space. 
The "optical light" and or "optical beam" and or "light 
beam" may be modulated or unmodulated, which also 
means that they may or may not contain information. In one 
embodiment, the "optical light" and or "optical beam" and 
or "light beam" may originate from a fiber, a fiber laser, a 
laser, a light emitting diode, a lamp, a pump laser, or a light 
source. 

As used throughout this disclosure, the term "remote 
sensing" may include the measuring of properties of an 
object from a distance, without physically sampling the 
object, for example by detection of the interactions of the 
object with an electromagnetic field. In one embodiment, the 
electromagnetic field may be in the optical wavelength 
range, including the infrared or SWIR. One particular form 
of remote sensing may be stand-off detection, which may 
range from non-contact up to hundreds of meters away, for 
example. 
Remote Sensing of Natural Gas Leaks 

Natural gas may be a hydro-carbon gas mixture compris­
ing primarily methane, with other hydro-carbons, carbon 
dioxide, nitrogen and hydrogen sulfide. Natural gas is 
important because it is an important energy source to pro-
vide heating and electricity. Moreover, it may also be used 
as fuel for vehicles and as a chemical feedstock in the 
manufacture of plastics and other commercially important 
organic chemicals. Although methane is the primary com­
ponent of natural gas, to uniquely identify natural gas 
through spectroscopy requires monitoring of both methane 
and ethane. If only methane is used, then areas like cow 
pastures could be mistaken for natural gas fields or leaks. 
More specifically, the typical composition of natural gas is 
as follows: 

Component Range (mole %) 

Methane 87.0-96.0 
Ethane 1.5-5.1 
Propane 0.1-1.5 
!so-butane 0.01-0.3 
Normal-butane 0.01-0.3 
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Component 

Iso-pentane 
Normal-pentane 
Hexanes plus 
Nitrogen 
Carbon dioxide 
Oxygen 
Hydrogen 

49 
-continued 

Range (mole%) 

Trace-0.14 
Trace-0.04 
Trace-0.06 

0.7-5.6 
0.1-1.0 

0.01-0.1 
Trace-0.02 

As one example of remote sensing of natural gas, a 
helicopter or aircraft may be flown at some elevation. The 
light source for remote sensing may direct the light beam 
toward the ground, and the diffuse reflected light may then 
be measured using a detection system on the aircraft. Thus, 
the helicopter or aircraft may be sampling a colunm area 
below it for natural gas, or whatever the material of interest 
is. In yet another embodiment, the column may sense 
aerosols of various sorts, as an example. Various kinds of 
SWIR light sources will be discussed later in this disclosure. 
The detection system may comprise, in one embodiment, a 
spectrometer followed by one or more detectors. In another 
embodiment, the detection system may be a dispersive 
element ( examples include prisms, gratings, or other wave­
length separators) followed by one or more detectors or 
detector arrays. In yet another embodiment, the detection 
system may comprise a gas-filter correlation radiometer. 
These are merely specific examples of the detection system, 
but combinations of these or other detection systems may 
also be used and are contemplated within the scope of this 
disclosure. Also, the use of aircraft is one particular example 
of a remote sensing system, but other system configurations 
may also be used and are included in the scope of this 
disclosure. For example, the light source and detection 
system may be placed in a fixed location, and for reflection 
the light source and detectors may be close to one another, 
while for transmission the light source and detectors may be 

50 
within about the first SWIR atmospheric transmission win­
dow between approximately 1.4-1.8 microns, while the 
curves 3304 and 3305 fall within the second SWIR atmo­
spheric transmission window between approximately 2-2.5 

5 microns. As can be seen, there are numerous spectral fea­
tures for identifying methane in the SWIR. In addition, there 
are even stronger features near 3.4-3.6 microns and around 
7-8 microns, although these require different light sources 

10 

and detection systems. 
FIG. 33B illustrates the absorption spectra for ethane. The 

curves 3350 plot on a linear scale the absorption cross­
section versus wavelength (in microns) for various ethane 
lines. The curve 3351 covers the wavelength range between 
approximately 1.5-16 microns, while the curve 3352 

15 expands the scale between about 1.6-3.2 microns. The 
features 3353 fall within about the first SWIR atmospheric 
transmission window between approximately 1 .4-1.8 
microns, while the features 3354 and 3355 fall within the 
second SWIR atmospheric transmission window between 

20 approximately 2-2.5 microns. There are distinct spectral 
features for identifying ethane as well in the SWIR. In 
addition, there are even stronger features near 3.4-3.6 
microns and around 7 microns. 

For detecting natural gas leaks, a SWIR light source and 
25 a detection system could be used in transmission or reflec­

tion. The area surrounding the source or natural gas pipeline 
may be surveyed, and the detection system may monitor the 
methane and ethane concentration, or even the presence of 
these two gases. The region may be scanned to cover an area 

30 larger than the laser beam. Also, if a certain quantity of 
natural gas is detected, an alarm may be set-off to alert the 
operator or people nearby. This is just one example of the 
natural gas leak detection, but other configurations and 
techniques may be used and are intended to be covered by 

35 this disclosure. 
Natural gas leak detection is one example where active 

remote sensing or hyper-spectral imaging can be used to 
detect hydro-carbons or organic compounds. However, there 
are many other examples where the technique may be used 
to perform reflectance spectroscopy of organic compounds, 
and these are also intended to be covered by this disclosure. 
In one particular embodiment, alkanes may be detected, 
where alkanes are hydro-carbon molecules comprising 
single carbon-carbon bonds. Alkanes have the general for-

at different locations. In yet another embodiment, the system 
could be placed on a vehicle such as an automobile or a 40 

truck, or the light source could be placed on one vehicle, 
while the detection system is on another vehicle. If the light 
source and detection system are compact and lightweight, 
they might even be carried by a person in the field, either in 
their hands or in a backpack. 45 mula CnH2n+2 and are open chain, aliphatic or non-cyclic 

molecules. Below are examples of some of the alkanes, 
which include methane and ethane, as well as more com­
plicated compounds. 

Both methane and ethane are hydro-carbons with unique 
spectral signatures. For example, ethane is C2H6, while 
methane is CH4. Also, methane and ethane have infrared 
absorption bands near 1.6 microns, 2.4 microns, 3.3 microns 
and 7 microns. It should be noted that the approximately 7 50 

micron lines cannot be observed generally due to atmo­
spheric absorption. Although the fundamental lines near 3.3 
microns are stronger absorption features, the light sources 
and detectors in the mid-infrared may be more difficult to 
implement. Hence, the focus here is on observing the SWIR 55 

lines that fall in atmospheric transparency windows. 
FIG. 33 illustrates the absorption spectra for methane 

(FIG. 33A) and ethane (FIG. 33B) (from http://vpl.astro­
.washington.edu/spectra). The curves 3300 plot on a linear 
scale the absorption cross-section versus wavelength (in 60 

microns) for various methane lines. The curve 3301 covers 
the wavelength range between approximately 1.5-16 
microns, while the curves below provide blown-up views of 
different wavelength ranges (3302 for approximately 1.62-
1.7 microns, 3303 for approximately 1.7-1.84 microns, 3304 65 

for approximately 2.15-2.45 microns, and 3305 for approxi­
mately 2.45-2.65 microns). The curves 3302 and 3303 fall 

Metbane 
Etbane 
Propane 
Butane 
Pentane 
Hexane 
Heptane 
Octane 
Nonane 
Decane 
Paraffin 
Polyetbylene 
(LDPE, HDPE) 
Polyvinylchloride 
(PVC) 
Polypropylene 

Polyetbylene 

Formula 

CH4 
C2H6 
C3Hs 
C4H10 
CsH12 
C6H14 
C7H16 
CsH1s 
C9H20 
C10H22 
C2o+H42+ 

(C2H4)n or 
(CH2CH2Jn 
(C2H3Cl)n or 
(CHC1CH2)n 
(C3Hs)n or 
{CH(CH3)CH2}n 
C10H 80 4 or 
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terephthalate 
(PETE) 
Nylon 
(polyamide) 

51 
-continued 

Formula 

C12H24O4N2 or 
{C10H2o(CO2)2(NHJo}n 

FIG. 34 illustrates the reflectance spectra 3400 for some 
members of the alkane family plus paraffin. The vertical 
lines indicate positions of constant wavelength and are 
aligned with apparent absorptions in the methane spectrum 
at 1.19, 1.67, 2.32, 3.1, 4.23 and 4.99 microns. The spectra 

52 
carbon micro-seepages involve buoyant, relatively rapid, 
vertical ascent of ultra-small bubbles of light hydrocarbons 
(primarily methane through the butanes) through a network 
of interconnected, groundwater-filled joints and bedding 

5 planes (3501). One of the assumptions required for micro­
seepage to occur is that a rock colunm, including the seal 
rock, comprises extensive interconnected fractures or micro­
fracture systems. 

Direct detection methods may involve measurements of 
10 hydrocarbons, either in the form of oil accumulations or 

concentrations of escaping vapors, such as methane through 
butane. In addition, there are also indirect methods that may 
involve the measurement of secondary alternations that arise 
from the seepage of the hydrocarbons. For instance, hydro-

ore offset to enable easier viewing, and the offsets are of the 
following amounts: 3401 methane 4.1; 3402 ethane 3.6; 
3403 propane 3.3; 3404 butane 2.8; 3405 pentane 2.3; 3406 
hexane 2.0; 3407 heptane 1.5; 3408 octane 1.2; 3409 nonane 
0.85; 3410 decane 0.4; and 3411 paraffin 0.05. The reflec­
tance of alkanes in the near-infrared may be dominated by 
absorptions due to combinations and overtones of bands at 
longer wavelengths. Although this wavelength range is 
mostly unexplored by organic spectroscopists, the near­
infrared may be valuable for terrestrial and planetary remote 
sensing studies. Alkanes may have the fundamental absorp­
tions due to a variety of C-H stretches between approxi­
mately 3.3-3.5 microns. The first overtone may be a rela­
tively deep triplet near 1.7 microns. This triplet appears in 
most of the series, but the exact wavelength position may 
move. Another absorption band may be present near 1.2 
microns, and this is likely the second overtone of the C-H 
stretch. The third C-H stretch overtone is near 0.9 microns. 
There is yet another near-infrared feature near 1.396 
microns, which may correspond to the combinations of the 
first overtone of the C-H stretch with each of the two C-H 35 

15 carbon-induced alterations may include microbial anoma­
lies, mineralogical changes, bleaching of red beds, clay 
mineral alterations, and electrochemical changes. These 
alterations occur because leaking hydrocarbons set up near­
surface oxidation and/or reduction zones that favor the 

20 development of a diverse array of chemical and mineralogi­
cal changes, c.f. 3502 in FIG. 35. Such alterations 3502 may 
be distinct from adjacent rocks and, thus, may in some 
instance be detectable by various remote sensing techniques. 

The diagnostic spectral features of methane and crude oil 
25 may comprise four distinct hydrocarbon absorption bands. 

For example, two bands near 1.18 microns and 1.38 microns 
may be narrow and sharply defined, although they may also 
be fairly weak. The other two spectral features may be near 
1.68-1.72 microns and 2.3-2.45 microns; these bands may be 

30 broader, but they are also stronger than the previous two 
bands. The bands near 1.7 microns and 2.3 microns are 
spectral overtones or combinations of C-H vibrational 
modes. Moreover, hydrocarbon induced alterations associ­
ated with indirect detection may express themselves in a 
variety of spectral changes, such as mineralogical changes 
(calcium carbonate mineralization, near 2.35 microns), band positions at approximately 1.35 microns and 1.37 

microns. Moreover, there may be complex absorptions 
between 2.2-2.5 microns. For example, there may be a 
number of narrow individual absorption bands atop an 
overall absorption suite about 0.3 microns wide. A few 
absorption lines retain their location for most of the series 
300, notably the 2.311 micron and 2.355 micron absorptions. 
This wavelength window may have multiple combinations 
and overtones, including contributions from the C-H 
stretch, CH3 asymmetric bend combination, and C-H 
stretch/CH3 symmetric bend combination. 
Remote Sensing for Natural Gas Exploration 

In addition to remote sensing to detect natural gas leaks, 
the same or similar system could also be used to explore for 
natural gas fields, whether under land or under water. 
Whereas a natural gas leak from a pipeline or building may 
be above the ground or only a few meters below the ground, 
natural gas exploration may occur for gas and oil that are 
much further below the ground, or under the water in a bay, 
lake, sea or ocean. For example, the exploration for natural 
gas and oil may be performed by determining the reflectance 
spectra of surface anomalies. The surface manifestations of 
oil and gas reservoirs may be used to map the petroleum 
potential of an area, particularly related to the seepage of oil 
and gas to the surface along faults or imperfect reservoir 
seals. The visible products of such seepage ( e.g., oil and tar 
deposits) are generally referred to as macro-seeps, whereas 
the invisible gaseous products may be referred to as micro­
seeps. 

As illustrated by 3500 in FIG. 35, micro-seepages may 
result from the vertical movement of hydrocarbons 3501 
from their respective reservoirs to the surface. These hydro-

bleaching of red beds (near 1 micron), and clay minerals 
alterations (near 2.2 microns), among other changes. 

Various field tests have been conducted that verify the 
40 spectral signatures associated with natural gas fields, either 

land-based or water-based (e.g., in bays). In one example 
shown in FIG. 36A, the reflectance spectra 3600 was col­
lected for different locations between approximately 2 
microns and 2.4 microns. In 3601 the reflectance is plotted 

45 versus wavelength for locations with gas fields, while in 
3602 the reflectance is plotted for locations without gas 
fields. The macroscopic features of the reflectance spectra of 
surface soils show two broad absorption bands near 2.2 
microns and 2.33 microns with complex shapes. The slightly 

50 positive slope in the region of 2.3-2.4 microns with natural 
gas suggests that hydrocarbons are overriding the spectral 
signature of clays in this region. 

In yet another embodiment, field tests were conducted 
over a wider spectra range from approximately 0.5 microns 

55 to 2.5 microns (FIG. 36B). As the curve 3650 illustrates, two 
absorption features are found for the hydrocarbon spectral 
reflectance curve: one near 1.725 microns 3651 and a double 
absorption at approximately 2.311-2.36 microns 3652. Thus, 
in these two field trial examples, oil-gas reservoir areas were 

60 identifiable using feature bands of 1650-1750 nm and 2000-
2400 nm. In addition, the remote sensing method may be 
used for off-shore oil and gas exploration and marine pol­
lution investigation, to name just a few examples. 
Other Uses of Active Remote Sensing or Hyperspectral 

65 Imaging 
Active and/or hyper-spectral remote sensing may be used 

in a wide array of applications. Although originally <level-
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oped for mining and geology (the ability of spectral imaging 
to identify various minerals may be ideal for the mining and 
oil industries, where it can be used to look for ore and oil), 
hyper-spectral remote sensing has spread to fields as diverse 
as ecology and surveillance. The table below illustrates 
some of the applications that can benefit from hyper-spectral 
remote sensing. 

Atmosphere 
Ecology 
Geology 
Coastal Waters 

Snow/Ice 
Biomass Burning 
Commercial 

Water vapor, cloud properties, aerosols 
Chlorophyll, leaf water, cellulose, pigments, lignin 
Mineral and soil types 
Chlorophyll, phytoplankton, dissolved organic 
materials, suspended sediments 
Snow cover fraction, grainsize, melting 
Subpixel temperatures, smoke 
Mineral ( oil) exploration, agriculture and forest 
production 

In one embodiment, near-infrared imaging spectroscopy 
data may be used to create qualitative images of thick oil or 
oil spills on water. This may provide a rapid remote sensing 
method to map the locations of thick parts of an oil spill. 
While color imagery may show locations of thick oil, it is 
difficult to assess relative thickness or volume with just color 
imagery. As an example, FIG. 37 illustrates the reflectance 
spectra 3700 of a sample of oil emulsion from the Gulf of 
Mexico 2010 oil spill. Curve 3701 is a 4 mm thickness of oil, 
while curve 3702 is a 0.5 mm thickness. Whereas the data 
in the visible hardly changes with oil thickness, in the 
near-infrared the change in reflectance spectra is much more 
dependent on the oil thickness. The data shows, for example, 
the C-H features near 1.2 microns 3703, 1.73 microns 
3704, and 2.3 microns 3705. Thus, in the infrared wave­
lengths, both the reflectance levels and absorption features 
due to organic compounds may vary in strength with oil 
thickness. 

Remote sensing may also be used for geology and min­
eralogy mapping or inspection. FIG. 38 shows the reflec­
tance spectra 3800 for some representative minerals that are 
major components of rocks and soils. In inorganic materials 
such as minerals, chemical composition and crystalline 
structure may control the shape of the spectral curve and the 
locations of absorption bands. Wavelength-specific absorp­
tion may arise from particular chemical elements or ions and 
the geometry of chemical bonds between elements, which is 
related to the crystal structure. In hematite 3801, the strong 
absorption in the visible may be caused by ferric iron. In 
calcite 3805, the carbonate ion may be responsible for the 
series of absorption bands between 1.8 and 2.4 microns. 
Kaolinite 3804 and montmorillonite 3802 are clay minerals 
common in soils. The strong absorption near 1.4 microns in 
both spectra, along with a weak 1.9 micron band in kaolinite 
arise from the hydroxide ions, while the stronger 1.9 micron 
band in montmorillonite may be caused by bound water 
molecules in the hydrous clay. In contrast to these spectra, 
orthoclase feldspar 3803, a dominant mineral in granite, 
shows very little absorption features in the visible or infra­
red. 

54 
rises rapidly across the boundary between red and infrared 
wavelengths, which may be due to interactions with the 
internal cellular structure of leaves. Leaf structure may vary 
significantly between plant species, as well as from plant 

5 stress. Beyond 1.3 microns the reflectance decreases with 
increasing wavelength, except for two water absorption 
bands near 1.4 microns and 1.9 microns. Illustrated in FIG. 
39 are the reflectance for green grass 3901, walnut tree 
canopy 3902, fir tree 3903 and senescent 3904, which is dry, 

10 yellowed grass. 
Active remote sensing may also be used to measure or 

monitor gases in the earth's atmosphere, including green­
house gases, environmental pollutants and aerosols. For 
instance, greenhouse gases are those that can absorb and 

15 emit infrared radiation: In order, the most abundant green­
house gasses in the Earth's atmosphere are: water vapor 
(H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide 
(N2O) and ozone (03). FIG. 40 shows the atmospheric 
absorption and scattering of greenhouse gases 4000 at 

20 different wavelengths. Included in this figure are the total 
absorption and scattering 4001, along with the breakdown 
by major components: water vapor 4002, carbon dioxide 
4003, oxygen and ozone 4004, methane 4005, and nitrous 
oxide 4006. Also shown is the Rayleigh scattering 4007 

25 through the atmosphere, which dominates at shorter wave­
lengths, particularly wavelengths shorter than about 1 
micron. In one embodiment, environmental concerns of 
climate change have led to the need to monitor the level of 
carbon dioxide in the atmosphere, and this may be achieved, 

30 for example, by performing spectroscopy in the vicinity of 
1.6 microns and 2 microns. 

In yet another embodiment, different building materials 
may be identified and distinguished from surrounding veg­
etation and forestry. FIG. 41 overlays different reflectance 

35 data 4100 for samples cataloged in the ASTER spectra 
library (http://speclib.jpl.nasa.gov). This library has been 
made available by NASA as part of the Advanced Space­
borne Thermal Emission and Reflection Radiometer, 
ASTER, imaging instrumentation program. Included in this 

40 and other libraries are reflection spectra of natural and 
man-made materials, including minerals, rocks, soils, water 
and snow. In FIG. 41 several spectra are included over the 
SWIR atmospheric transmission bands, and the water 
absorption between approximately 1.8 and 2 microns has 

45 been blocked out (features in there are either due to water or 
would be masked by the atmospheric moisture). Included in 
the graph are the spectra for silver metallic paint 4101, light 
brown loamy sand 4102, construction concrete-I 4103, 
construction concrete-cement 4104, gypsum 4105, asphaltic 

50 concrete 4106, construction concrete-bridges 4107, grass 
4108 and conifer trees 4109. As an example, active remote 
sensing can be used to distinguish different concrete struc­
tures, including roadways, buildings, and reinforced struc­
tures such as bridges. Also, building materials such as 

55 gypsum, painted structures, plywood, and concrete of vari­
ous sorts, may be distinguished from plant life, soil and 
trees. Thus, beyond three dimensional imaging, this can add 
a fourth dimension-namely, identification of objects based 

Remote sensing or hyper-spectral imaging may also be 
used for agriculture as well as vegetation monitoring. For 60 

example, hyper-spectral data may be used to detect the 
chemical composition of plants, which can be used to detect 

on their chemical signature. 
In a further embodiment, remote sensing or hyper-spectral 

imaging might be used for process control in a factory or 
manufacturing setting, particularly when the measurements 
are to be made at some stand-off or remote distance. As an 
example, plastics show distinct signatures in the SWIR, and 

the nutrient and water status of crops. FIG. 39 illustrates the 
reflectance spectra 3900 of different types of green vegeta­
tion compared with dry, yellowed grass. In the visible 
spectra, the shape may be determined by absorption effects 
from chlorophyll and other leaf pigments. The reflectance 

65 process control may be used for monitoring the manufacture 
of plastics. Alternately, SWIR light could be used to see 
through plastics, since the signature for plastics can be 
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and the lock-in time constant is set to 100 ms corresponding 
to a noise bandwidth of about 1 Hz. These are exemplary 
elements and parameter values, but other or different optical 
elements may be used consistent with this disclosure. 

Three sets of solid samples are chosen to demonstrate the 
stand-off diffuse reflection spectra measurement in the labo­
ratory. The first set comprises 'Non-hazardous Explosives 
for Security Training and Testing' (NESTT) manufactured 
by the XM Division of VanAken International. These 

subtracted off and there are large wavelength windows 
where the plastics are transparent. FIG. 42 illustrates the 
absorbance 4200 for two connnon plastics: polyethylene 
4201 and polystyrene 4202. Because of the hydro-carbon 
bonds, there are absorption features near 1.7 microns and 5 

2.2-2.5 microns (c.f., discussion on alkanes). In general, the 
absorption bands in the near infrared are due to overtones 
and combination bands for various functional group vibra­
tions, including signals from C-H, O-H, C=O, N-H, 
-COOH, and aromatic C-H groups. It may be difficult to 
assign an absorption band to a specific functional group due 

10 samples contain small amounts of explosives deposited on 
an inert fused silica powder substrate. The experiments are 
conduced with the following samples-trinitrotoluene 
(TNT), research department explosive (RDX), Pentaeryth­
ritol tetranitrate (PETN), and potassium nitrate. The TNT, 

to overlapping of several combinations and overtones. How­
ever, with advancements in computational power and 
chemometrics or multivariate analysis methods, complex 
systems may be better analyzed. In one embodiment, using 
software analysis tools the absorption spectrum may be 
converted to its second derivative equivalent. The spectral 
differences may permit a fast, accurate, non-destructive and 
reliable identification of materials. Although particular 
derivatives are discussed, other mathematical manipulations 
may be used in the analysis, and these other techniques are 
also intended to be covered by this disclosure. 

15 RDX and potassium nitrate NESTT samples have 8% (by 
weight) explosives, while the PETN sample has 4%. 

The second sample set consists of annnonium nitrate, 
urea, gypsum, and pinewood. Ammonium nitrate and urea 
are connnon fertilizers, but are also often used as explosives. 

In another specific embodiment, experiments have been 
performed for stand-off detection of solid targets with dif­
fuse reflection spectroscopy using a fiber-based super-con­
tinuum source (further described herein). In particular, the 
diffuse reflection spectrum of solid samples such as explo­
sives (TNT, RDX, PETN), fertilizers (ammonium nitrate, 
urea), and paints (automotive and military grade) have been 
measured at stand-off distances of 5 m. Although the mea­
surements were done at 5 m, calculations show that the 
distance could be anywhere from a few meters to over 150 

20 These samples are ground to a fine powder in a mortar and 
pestle, and filled to a depth of about 5 nnn in a shallow glass 
container. We also measure the reflection spectrum of a 10 
cm diameterx0.5 cm thick Gypsum (CaSO4.2H2O) disk and 
a 5 cmx5 cmx0.5 m piece of pine wood, since these samples 

25 are relevant for the remote sensing connnunity (minerals and 
vegetation). 

The final set of samples is selected to distinguish between 
connnercial automotive and military vehicle paints based on 
their reflection signatures. Red, black, and green acrylic 

30 based spray paints are obtained from an auto supply store 
and sprayed 3 coats on different areas of a sanded Aluminum 
block to make the automotive paint samples. The sample of 
the military paint consisted of an Aluminum block coated m. These are specific samples that have been tested, but 

more generally other materials (particularly comprising 
hydro-carbons) could also be tested and identified using 35 

similar methods. The experimental set-up 4300 for the 
reflection-spectroscopy-based stand-off detection system is 
shown in FIG. 43, while details of the SC source 4301 are 
described later in this disclosure (c.f. FIGS. 20, 21, and 23). 
First, the diverging SC output is collimated to a 1 cm 
diameter beam using a 25 nnn focal length, 90 degrees 
off-axis, gold coated, parabolic mirror 4302. To reduce the 
effects of chromatic aberration, refractive optics are avoided 

with a chemical agent resistant coating (CARC) green paint. 
The chemical structure and molecular formula of the 4 

NESTT samples are shown in FIG. 44 (4401, 4402, 4403, 
4404), while the absorbance spectra obtained using the SC 
source are shown below in the same FIG. 4405, 4406, 4407, 
4408). For each sample, the positions of the strongest/unique 

40 peaks have been labeled for clarity. TNT 4401, 4405 belongs 
to a class of compounds known as nitro-aromatics, in which 
the carbon directly attached to the nitro (NO2) group is part 
of an aromatic ring. The strongest peaks in the spectrum 
observed at 3230 nm and 3270 nm are due to the funda-in the setup. All focusing and collimation is done using 

metallic mirrors that have almost constant reflectivity and 45 

focal length over the entire SC output spectrum. The sample 
4304 is kept at a distance of 5 m from the collimating mirror 
4302, which corresponds to a total round trip path length of 
10 m before reaching the collection optics 4305. A 12 cm 
diameter silver coated concave mirror 4305 with a 75 cm 50 

focal length is kept 20 cm to the side of the collimation 
mirror 4302. The mirror 4305 is used to collect a fraction of 
the diffusely reflected light from the sample, and focus it into 
the input slit of a monochromator 4306. Thus, the beam is 
incident normally on the sample 4304, but detected at a 55 

reflection angle oftan-1(0.2/5) or about 2.3 degrees. Appro­
priate long wavelength pass filters mounted in a motorized 
rotating filter wheel are placed in the beam path before the 
input slit 4306 to avoid contribution from higher wavelength 
orders from the grating (300 grooves/nnn, 2 µm blaze). The 60 

output slit width is set to 2 nnn corresponding to a spectral 
resolution of 10.8 nm, and the light is detected by a 2 nnnx2 
nnn liquid nitrogen cooled (77K) indium antimonide (InSb) 
detector 4307. The detected output is amplified using a 
trans-impedance pre-amplifier 4307 with a gain of about 65 

105V/A and connected to a lock-in amplifier 4308 setup for 
high sensitivity detection. The chopper frequency is 400 Hz, 

mental C-H stretching vibrations in the aromatic ring. 
There are also features between 2200-2600 nm, which may 
arise from the combination between the C-H stretch and 
C-H bend vibrations. RDX 4402, 4406 belongs to the 
nitramines class containing the N-NO2 bond and also has 
multiple features in the 3200-3500 nm band due to the C-H 
stretch vibrations. This spectrum also contains the C-H 
combination bands from 2200-2600 nm. PETN 4403, 4407 
is classified as a nitrate ester containing the C---O-NO2 
bond, and its reflection spectrum is characterized by a triplet 
of peaks at 3310 nm, 3350 nm and 3440 nm due to the C-H 
stretch vibration from the aliphatic groups. The C-H com-
bination band is also present from 2200-2600 nm. Potassium 
nitrate 4404, 4408 being an inorganic compound does not 
contain any absorption features due to the C-H bond 
present in the other three samples. Instead, the unique 
spectral feature for this sample is a pair of peaks at 3590 nm 
and 3650 nm, which arise due to the first overtone of the 
asynnnetric N---0 stretching vibration of the nitrate ion 
(N03-). 

FIG. 45A illustrates the reflection spectra 4500 for gyp­
sum 4501, pinewood 4502, annnonium nitrate 4503 and urea 
4504. The predominant spectral features in the gypsum 4501 
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(CaSO4.2H2O) reflectance occur due to the fundamental as 
well as combination bands of the water molecule near 1450 
nm, 17 50 nm, 1940 nm and 2860 nm. In addition, small dips 
in the spectrum at 2220, 2260 and 2480 nm which arise due 
to the first overtone of the S-O bending vibration. More­
over, the valley at 3970 nm occurs due to the first overtone 
of the ---0-S---O stretching vibration of the sulfate 
(SO42-) ion. The pine wood spectrum 4502 comprises of 
bands due to its main constituents----cellulose, lignin and 
water. The valleys at 1450 nm, 1920 nm and 2860 nm are 
attributed to water. The dip at 2100 nm is due to the first 
overtone of the C-O asymmetric stretch, the one at 2270 
nm due to the combination band of O-H and C-H, and the 
one at 2490 nm due to combination band of C-H and 
C---0. Finally, the broad feature around 3450 nm is due to 
the C-H stretching vibration. The ammonium nitrate 
(NH4NO3) spectrum 4503 has three prominent features in 
the near-IR region. The dip at 1270 nm is due to the 
combination of N-H stretching and N-H bending vibra­
tions, while the dip at 1570 nm is due to the first overtone 
of N-H stretch. The doublet at 2050 nm and 2140 nm is 
possibly due to the second overtone of the N-H bending 
vibrations, while the fundamental N-H stretch appears as 
a broad feature around 3000 nm. Urea (NH2)2CO 4504 has 
two amide (-NH2) groups joined by a carbonyl (C=O) 
functional group. The absorption line at 1490 nm occurs due 
to the third overtone of the C=O stretching vibration while 
the line at 1990 nm is due to the second overtone of the 
same. 

FIG. 45B shows the reflection spectra 4550 for three 
commercial automotive paints 4551, 4552, 4553 and mili­
tary grade CARC ( chemical agent resistant coating) paint 
4554. The paints consist of a complex mixture of many 
different chemicals, and, hence, it is very difficult to identify 
individual absorption lines. Since all four paints contain a 
variety of organic compounds, features are observed 
between 3200-3500 nm from the C-H stretch and from 
2200-2600 nm due to the C-H stretch and C-H bond 
combination band. However, the primary difference between 
the automotive 45451, 4552, 4553 and CARC paint 4554 is 
the presence of a strong dip between 1200-1850 nm in the 
latter, which might be attributed to the absorption from 
Cobalt chromite-a green pigment found in CARC-green. 

Thus, FIGS. 44 and 45 show that various materials, 
including explosives, fertilizers, vegetation, and paints have 
features in the near-infrared and SWIR that can be used to 
identify the various samples. Although stronger features are 
found in the mid-infrared, the near-infrared may be easier to 
measure due to higher quality detection systems, more 
mature fiber optics and light sources, and transmission 
through atmospheric transmission windows. Because of 
these distinct spectral signatures, these materials could also 
be detected using active remote sensing or hyper-spectral 
imaging, as described in this disclosure. These are just 
particular samples that have been tested at stand-off dis­
tances, but other materials and samples may also be iden­
tified using the SWIR remote sensing or hyper-spectral 
imaging methods, and these samples are also intended to be 
covered within this disclosure. As just another example, 
illicit drugs may be detectable using remote sensing or 
hyper-spectral imaging. FIG. 46 shows the mid-wave infra­
red and long-wave infrared absorption spectra 1500 for 
various illicit drugs. The absorbance for cocaine 4601, 
methamphetamine 4602, MDMA ( ecstasy) 4603, and heroin 
4604 are plotted versus wavelength from approximately 
2.5-20 microns. Although the fundamental resonances for 
these drugs may lie in the longer wavelength regions, there 

58 
are corresponding overtones and combination bands in the 
SWIR and near-infrared wavelength range. Therefore, the 
active remote sensing or hyper-spectral imaging techniques 
described herein may also be applicable to detecting illicit 

5 drugs from aircraft, vehicles, or hand held devices. 
Detection Systems 

As discussed earlier, the active remote sensing system or 
hyper-spectral imaging system may be on an airborne plat­
form, mounted on a vehicle, a stationary transmission or 

10 reflection set-up, or even held by a human for a compact 
system. For such a system, there are fundamentally two 
hardware parts: the transmitter or light source and the 
detection system. Between the two, perhaps in a transmis­
sion or reflection setting, may be the sample being tested or 

15 measured. Moreover, the output from the detection system 
may go to a computational system, comprising computers or 
other processing equipment. The output from the computa­
tional system may be displayed graphically as well as with 
numerical tables and perhaps an identification of the mate-

20 rial composition. These are just some of the parts of the 
systems, but other elements may be added or be eliminated, 
and these modified configurations are also intended to be 
covered by this disclosure. 

By use of an active illuminator, a number of advantages 
25 may be achieved. First, the variations due to sunlight and 

time-of-day may be factored out. The effects of the weather, 
such as clouds and rain, might also be reduced. Also, higher 
signal-to-noise ratios may be achieved. For example, one 
way to improve the signal-to-noise ratio would be to use 

30 modulation and lock-in techniques. In one embodiment, the 
light source may be modulated, and then the detection 
system would be synchronized with the light source. In a 
particular embodiment, the techniques from lock-in detec­
tion may be used, where narrow band filtering around the 

35 modulation frequency may be used to reject noise outside 
the modulation frequency. In an alternate embodiment, 
change detection schemes may be used, where the detection 
system captures the signal with the light source on and with 
the light source off. Again, for this system the light source 

40 may be modulated. Then, the signal with and without the 
light source is differenced. This may enable the sun light 
changes to be subtracted out. In addition, change detection 
may help to identify objects that change in the field of view. 
In the following some exemplary detection systems are 

45 described. 
In one embodiment, a SWIR camera or infrared camera 

system may be used to capture the images. The camera may 
include one or more lenses on the input, which may be 
adjustable. The focal plane assemblies may be made from 

50 mercury cadmium telluride material (HgCdTe ), and the 
detectors may also include thermo-electric coolers. Alter­
nately, the image sensors may be made from indium gallium 
arsenide (InGaAs ), and CMOS transistors may be connected 
to each pixel of the InGaAs photodiode array. The camera 

55 may interface wirelessly or with a cable ( e.g., USB, Ethernet 
cable, or fiber optics cable) to a computer or tablet or smart 
phone, where the images may be captured and processed. 
These are a few examples of infrared cameras, but other 
SWIR or infrared cameras may be used and are intended to 

60 be covered by this disclosure. 
In another embodiment, an imaging spectrometer may be 

used to detect the light received from the sample. For 
example, FIG. 47A shows a schematic diagram 4700 of the 
basic elements of an imaging spectrometer. The input light 

65 4701 from the sample may first be directed by a scanning 
mirror and/or other optics 4702. An optical dispersing ele­
ment 4703, such as a grating or prism, in the spectrometer 
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may split the light into many narrow, adjacent wavelength 
bands, which may then be passed through imaging optics 
4704 onto one or more detectors or detector arrays 4705. 
Some sensors may use multiple detector arrays to measure 
hundreds of narrow wavelength bands. 

An example of a typical imaging spectrometer 4750 used 
in hyper-spectral imaging systems is illustrated in FIG. 47B. 

60 
In yet another example of multi-beam detection systems, 

a dual-beam set-up 4900 such as in FIG. 49 may be used to 
subtract out ( or at least minimize the adverse effects of) light 
source fluctuations. In one embodiment, the output from an 

5 SC source 4901 may be collimated using a calcium fluoride 
(CaF2) lens 4902 and then focused into the entrance slit of 
the monochromator 4903. At the exit slit, light at the selected 
wavelength is collimated again and may be passed through In this particular embodiment, the input light may be 

directed first by a tunable mirror 4751. A front lens 4752 
may be placed before the entrance slit 4753 and the collector 10 

lens 4754. In this embodiment, the dispersing element is a 
holographic grating with a prism 4755, which separates the 
different wavelength bands. Then, a camera lens 4756 may 

a polarizer 4904 before being incident on a calcium fluoride 
beam splitter 4905. After passing through the beam splitter 
4905, the light is split into a sample 4906 and reference 4907 
arm to enable ratiometric detection that may cancel out 
effects of intensity fluctuations in the SC source 4901. The 
light in the sample arm 4906 passes through the sample of 
interest and is then focused onto a HgCdTe detector 4908 
connected to a pre-amp. A chopper 4902 and lock-in ampli-

be used to image the wavelengths onto a detector or camera 15 
4757. 

FIGS. 47A and 47B provide particular examples, but 
some of the elements may not be used, or other elements 
may be added, and these embodiments are also intended to 
be covered by this disclosure. For instance, a scanning 
spectrometer may be used before the detector, where a 
grating or dispersive element is scanned to vary the wave­
length being measured by the detector. In yet another 
embodiment, filters may be used before one or more detec­
tors to select the wavelengths or wavelength bands to be 
measured. This may be particularly useful if only a few 
bands or wavelengths are to be measured. The filters may be 
dielectric filters, Fabry-Perot filters, absorption or reflection 
filters, fiber gratings, or any other wavelength selective filter. 
In an alternate embodiment, a wavelength division multi­
plexer, WDM, may be used followed by one or more 
detectors or detector arrays. One example of a planar wave­
length division multiplexer may be a waveguide grating 
router or an arrayed waveguide grating. The WDM may be 
fiber coupled, and detectors may be placed directly at the 
output or the detectors may be coupled through fibers to the 
WDM. Some of these components may also be combined 
with the configurations in FIGS. 47A and 47B. 

While the above detection systems could be categorized 
as single path detection systems, it may be advantageous in 
some cases to use multi-path detection systems. In one 
embodiment, when the aim is to measure particular gases or 
material (rather than identify out of a library of materials), 
it may be advantageous to use gas-filter correlation radiom­
etry (GFCR), such as 4800 in FIG. 48. A GFCR is a 
detection system that uses a sample of the gas of interest as 
a spectral filter for the gas. As shown in FIG. 48, the 
incoming radiation 4801 may first be passed through a 
narrow band pass filter 4802. The beam may then be split by 
a beam splitter 4803 along two paths; one path comprising 
a gas cell filled with the gas of interest 4804 (known as the 
correlation cell) and the other path comprising no gas 4805. 
The light from each path may then be measured using two 
detectors 4806, 4807, and the signals may then be analyzed 
4808. The difference in the transmission along the two paths 
may correspond primarily to the absorption of the gas along 
the correlation cell path. This GFCR configuration may be 
advantageous, for example, in the detection of natural gas. 
Since the goal is to measure methane and ethane, the 
correlation cells may contain these gases, either in combi­
nation or separately. Although a particular configuration for 
the GFCR has been described, variations of this configura­
tion as well as addition of other components may also be 
used and are intended to be covered by this disclosure. For 
example, collection optics and lenses may be used with this 
configuration, and various modulation techniques may also 
be used to increase the signal to noise ratio. 

fier 4910 setup enable low noise detection of the sample arm 
signal. The light in the reference arm 4907 passes through an 
empty container (cuvette, gas cell etc.) of the same kind as 

20 used in the sample arm. A substantially identical detector 
4909, pre-amp and lock-in amplifier 4910 is used for detec­
tion of the reference arm signal. The signal may then be 
analyzed using a computer system 4911. This is one par­
ticular example of a method to remove fluctuations from the 

25 light source, but other components may be added and other 
configurations may be used, and these are also intended to 
be covered by this disclosure. 

Although particular examples of detection systems have 
been described, combinations of these systems or other 

30 systems may also be used, and these are also within the 
scope of this disclosure. As one example, environmental 
fluctuations (such as turbulence or winds) may lead to 
fluctuations in the beam for active remote sensing or hyper­
spectral imaging. A configuration such as illustrated in the 

35 representative embodiment of FIG. 49 may be able to 
remove the effect of environmental fluctuations. Yet another 
technique may be to "wobble" the light beam after the light 
source using a vibrating mirror. The motion may lead to the 
beam moving enough to wash out spatial fluctuations within 

40 the beam waist at the sample or detection system. If the 
vibrating mirror is scarmed faster than the integration time of 
the detectors, then the spatial fluctuations in the beam may 
be integrated out. Alternately, some sort of synchronous 
detection system may be used, where the detection is syn-

45 chronized to the vibrating frequency. 
Described herein are just some examples of the beneficial 

use of near-infrared or SWIR lasers for active remote 
sensing or hyper-spectral imaging. However, many other 
spectroscopy and identification procedures can use the near-

50 infrared or SWIR light consistent with this disclosure and 
are intended to be covered by the disclosure. As one 
example, the fiber-based super-continuum lasers may have a 
pulsed output with pulse durations of approximately 0.5-2 
nsec and pulse repetition rates of several Megahertz. There-

55 fore, the active remote sensing or hyper-spectral imaging 
applications may also be combined with LIDAR-type appli­
cations. Namely, the distance or time axis can be added to 
the information based on time-of-flight measurements. For 
this type of information to be used, the detection system 

60 would also have to be time-gated to be able to measure the 
time difference between the pulses sent and the pulses 
received. By calculating the round-trip time for the signal, 
the distance of the object may be judged. In another embodi­
ment, GPS (global positioning system) information may be 

65 added, so the active remote sensing or hyper-spectral imag­
ery would also have a location tag on the data. Moreover, the 
active remote sensing or hyper-spectral imaging information 

 
 

IPR2025-01251 Page 133



US 12,193,790 B2 
61 

could also be combined with two-dimensional or three­
dimensional images to provide a physical picture as well as 
a chemical composition identification of the materials. 
These are just some modifications of the active remote 
sensing or hyper-spectral imaging system described in this 
disclosure, but other techniques may also be added or 
combinations of these techniques may be added, and these 
are also intended to be covered by this disclosure. 
Section 4: Short-Wave Infrared Super-Continuum Lasers for 
Detecting Counterfeit or Illicit Drugs and Pharmaceutical 
Process Control 

One advantage of optical systems is that they can perform 
non-contact, stand-off or remote sensing distance spectros­
copy of various materials. As an example, optical systems 
can be used for identification of counterfeit drugs, detection 
of illicit drugs, or process control in the pharmaceutical 
industry, especially when the sensing is to be done at remote 
or stand-off distances in a non-contact, rapid manner. In 
general, the near-infrared region of the electromagnetic 
spectrum covers between approximately 0.7 microns (700 
nm) to about 2.5 microns (2500 nm). However, it may also 
be advantageous to use just the short-wave infrared (SWIR) 
between approximately 1.4 microns (1400 nm) and about 
2.5 microns (2500 nm). One reason for preferring the SWIR 
over the entire NIR may be to operate in the so-called "eye 
safe" window, which corresponds to wavelengths longer 
than about 1400 nm. Therefore, for the remainder of the 
disclosure the SWIR will be used for illustrative purposes. 
However, it should be clear that the discussion that follows 
could also apply to using the near infrared-NIR-wave­
length range, or other wavelength bands. 

In particular, wavelengths in the eye safe window may not 
transmit down to the retina of the eye, and therefore, these 
wavelengths may be less likely to create permanent eye 
damage from inadvertent exposure. The near-infrared wave­
lengths have the potential to be dangerous, because the eye 
cannot see the wavelengths ( as it can in the visible), yet they 
can penetrate and cause damage to the eye. Even if a 
practitioner is not looking directly at the laser beam, the 
practitioner's eyes may receive stray light from a reflection 
or scattering some surface. Hence, it can always be a good 
practice to use eye protection when working around lasers. 
Since wavelengths longer than about 1400 nm are substan­
tially not transmitted to the retina or substantially absorbed 
in the retina, this wavelength range is known as the eye safe 
window. For wavelengths longer than 1400 nm, in general 
only the cornea of the eye may receive or absorb the light 
radiation. 

The SWIR wavelength range may be particularly valuable 

62 
may deal with imaging narrow spectral bands over an 
approximately continuous spectral range. As an example, in 
hyper-spectral imaging a lamp may be used as the light 
source. However, the incoherent light from a lamp may 

5 spatially diffract rapidly, thereby making it difficult to per­
form spectroscopy at stand-off distances or remote dis­
tances. Therefore, it would be advantageous to have a 
broadband light source covering the SWIR that may be used 
in place of a lamp to identify or classify materials in remote 

10 sensing or stand-off detection applications. 
As used throughout this document, the term "couple" and 

or "coupled" refers to any direct or indirect communication 
between two or more elements, whether or not those ele­
ments are physically connected to one another. As used 

15 throughout this disclosure, the term "spectroscopy" means 
that a tissue or sample is inspected by comparing different 
features, such as wavelength ( or frequency), spatial location, 
transmission, absorption, reflectivity, scattering, fluores­
cence, refractive index, or opacity. In one embodiment, 

20 "spectroscopy" may mean that the wavelength of the light 
source is varied, and the transmission, absorption, fluores­
cence, or reflectivity of the tissue or sample is measured as 
a function of wavelength. In another embodiment, "spec­
troscopy" may mean that the wavelength dependence of the 

25 transmission, absorption, fluorescence or reflectivity is com­
pared between different spatial locations on a tissue or 
sample. As an illustration, the "spectroscopy" may be per­
formed by varying the wavelength of the light source, or by 
using a broadband light source and analyzing the signal 

30 using a spectrometer, wavemeter, or optical spectrum ana­
lyzer. 

As used throughout this document, the term "fiber laser" 
refers to a laser or oscillator that has as an output light or an 
optical beam, wherein at least a part of the laser comprises 

35 an optical fiber. For instance, the fiber in the "fiber laser" 
may comprise one of or a combination of a single mode 
fiber, a multi-mode fiber, a mid-infrared fiber, a photonic 
crystal fiber, a doped fiber, a gain fiber, or, more generally, 
an approximately cylindrically shaped waveguide or light-

40 pipe. In one embodiment, the gain fiber may be doped with 
rare earth material, such as ytterbium, erbium, and/or thu­
lium. In another embodiment, the mid-infrared fiber may 
comprise one or a combination of fluoride fiber, ZBLAN 
fiber, chalcogenide fiber, tellurite fiber, or germanium doped 

45 fiber. In yet another embodiment, the single mode fiber may 
include standard single-mode fiber, dispersion shifted fiber, 
non-zero dispersion shifted fiber, high-nonlinearity fiber, 
and small core size fibers. 

for identifying materials based on their chemical composi- 50 

tion because the wavelength range comprises overtones and 
combination bands for numerous chemical bonds. For 
example, in the SWIR numerous hydro-carbon chemical 
compounds have overtone and combinational bands, along 
with oxygen-hydrogen and carbon-oxygen compounds. 55 

Thus, gases, liquids and solids that comprise these chemical 
compounds may exhibit spectral features in the SWIR 
wavelength range. In a particular embodiment, the spectra of 
organic compounds may be dominated by the C-H stretch. 
The C-H stretch fundamental occurs near 3.4 microns, the 60 

first overtone is near 1.7 microns, and a combination band 
occurs near 2.3 microns. 

As used throughout this disclosure, the term "pump laser" 
refers to a laser or oscillator that has as an output light or an 
optical beam, wherein the output light or optical beam is 
coupled to a gain medium to excite the gain medium, which 
in turn may amplify another input optical signal or beam. In 
one particular example, the gain medium may be a doped 
fiber, such as a fiber doped with ytterbium, erbium and/or 
thulium. In one embodiment, the "pump laser" may be a 
fiber laser, a solid state laser, a laser involving a nonlinear 
crystal, an optical parametric oscillator, a semiconductor 
laser, or a plurality of semiconductor lasers that may be 
multiplexed together. In another embodiment, the "pump 
laser" may be coupled to the gain medium by using a fiber 
coupler, a dichroic mirror, a multiplexer, a wavelength 
division multiplexer, a grating, or a fused fiber coupler. One embodiment of remote sensing that is used to identify 

and classify various materials is so-called "hyper-spectral 
imaging." Hyper-spectral sensors may collect information as 65 

a set of images, where each image represents a range of 
wavelengths over a spectral band. Hyper-spectral imaging 

As used throughout this document, the term "super­
continuum" and or "supercontinuum" and or "SC" refers to 
a broadband light beam or output that comprises a plurality 
of wavelengths. In a particular example, the plurality of 
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wavelengths may be adjacent to one-another, so that the 
spectrum of the light beam or output appears as a continuous 
band when measured with a spectrometer. In one embodi­
ment, the broadband light beam may have a bandwidth of at 
least 10 nm. In another embodiment, the "super-continuum" 5 

may be generated through nonlinear optical interactions in a 
medium, such as an optical fiber or nonlinear crystal. For 
example, the "super-continuum" may be generated through 
one or a combination of nonlinear activities such as four-
wave mixing, parametric amplification, the Raman effect, 10 

modulational instability, and self-phase modulation. 

64 
embodiment, the detection system may be a dispersive 
element ( examples include prisms, gratings, or other wave­
length separators) followed by one or more detectors or 
detector arrays. In yet another embodiment, the detection 
system may comprise a Fourier transform infrared spectrom­
eter. These are merely specific examples of the detection 
system, but combinations of these or other detection systems 
may also be used and are contemplated within the scope of 
this disclosure. 

For monitoring drugs, the SWIR light source and the 
detection system could be used in transmission, reflection, 
fluorescence, or diffuse reflection. Also, different system 
configurations may also be used and are included in the 
scope of this disclosure. For example, the light source and 

As used throughout this disclosure, the terms "optical 
light" and or "optical beam" and or "light beam" refer to 
photons or light transmitted to a particular location in space. 
The "optical light" and or "optical beam" and or "light 
beam" may be modulated or unmodulated, which also 
means that they may or may not contain information. In one 
embodiment, the "optical light" and or "optical beam" and 
or "light beam" may originate from a fiber, a fiber laser, a 
laser, a light emitting diode, a lamp, a pump laser, or a light 
source. 

15 detection system may be placed in a fixed location, and for 
reflection the light source and detectors may be close to one 
another, while for transmission the light source and detectors 
may be at different locations. The region of interest may be 
surveyed, and the light beam may also be scanned to cover 

As used throughout this disclosure, the term "remote 
sensing" may include the measuring of properties of an 
object from a distance, without physically sampling the 
object, for example by detection of the interactions of the 
object with an electromagnetic field. In one embodiment, the 
electromagnetic field may be in the optical wavelength 
range, including the infrared or SWIR. One particular form 

20 an area larger than the light source beam. In yet another 
embodiment, the system could be placed on a vehicle such 
as an automobile or a truck, or the light source could be 
placed on one vehicle, while the detection system is on 
another vehicle. If the light source and detection system are 

25 compact and lightweight, they might even be carried by a 
person in the field, either in their hands or in a backpack. 

Another advantage of using the near-infrared or SWIR is 
that most drug packaging materials are at least partially 
transparent in this wavelength range, so that drug compo-of remote sensing may be stand-off detection, which may 

range exemplary from non-contact up to hundreds of meters 
away. 
Identification of Counterfeit Drugs 

Pharmaceutical counterfeiting is a growing and signifi­
cant issue for the healthcare community as well as the 
pharmaceutical industry worldwide. As a result of counter­
feiting, users may be threatened by substandard drug quality 
or harmful ingredients, and legitimate companies may lose 
significant revenues. The definition for "counterfeit drug" by 

30 sitions may be detected and identified through the packaging 
non-destructively. As an example, SWIR light could be used 
to see through plastics, since the signature for plastics can be 
subtracted off and there are large wavelength windows 
where the plastics are transparent. FIG. 50 illustrates the 

the World Health Organization was as follows: "A counter-

35 absorbance 5000 for two common plastics: polyethylene 
5001 and polystyrene 5002. Because of the hydro-carbon 
bonds, there are absorption features near 1.7 microns and 
2.2-2.5 microns. In general, the absorption bands in the near 
infrared are due to overtones and combination bands for 

feit medicine is one which is deliberately and fraudulently 40 

mislabeled with respect to identity and/or source. Counter­
feiting can apply to both branded and generic products and 
counterfeit products may include products with the correct 
ingredients or with the wrong ingredients, without active 
ingredients, with insufficient active ingredient or with fake 45 

packaging." Later this definition was slightly modified, 
"Counterfeiting in relation to medicinal products means the 
deliberate and fraudulent mislabeling with respect to the 
identity, composition and/or source of a finished medicinal 
product, or ingredient for the preparation of a medicinal 50 

product." 
A rapid screening technique such as near-infrared or 

SWIR spectroscopy could aid in the search for and identi­
fication of counterfeit drugs. In particular, using a non-lamp 
based light source could lead to contact-free control and 55 

analysis of drugs. In a particular embodiment, remote sens­
ing, stand-off detection, or hyper-spectral imaging may be 
used for process control or counterfeit drug identification in 
a factory or manufacturing setting, or in a retail, wholesale, 
or warehouse setting. In one embodiment, the light source 60 

for remote sensing may direct the light beam toward the 
region of interest ( e.g., conveyor belt, stocking shelves, 
boxes or cartons, etc), and the diffuse reflected light may 
then be measured using a detection system. Various kinds of 
SWIR light sources will be discussed later in this disclosure. 65 

The detection system may comprise, in one embodiment, a 
spectrometer followed by one or more detectors. In another 

various functional group vibrations, including signals from 
C-H, O-H, C=O, N-H, -COOH, and aromatic C-H 
groups. It may be difficult to assign an absorption band to a 
specific functional group due to overlapping of several 
combinations and overtones. However, with advancements 
in computational power and chemometrics or multivariate 
analysis methods, complex systems may be better analyzed. 
In one embodiment, using software analysis tools the 
absorption spectrum may be converted to its second deriva­
tive equivalent. The spectral differences may permit a fast, 
accurate, non-destructive and reliable identification of mate­
rials. Although particular derivatives are discussed, other 
mathematical manipulations may be used in the analysis, 
and these other techniques are also intended to be covered by 
this disclosure. 

Spectroscopy in the near-infrared or SWIR may be sen­
sitive to both the chemical and physical nature of the sample 
composition and may be performed rapidly with minimal 
sample preparation. For example, near-infrared or SWIR 
spectroscopy may be used to study the homogeneity of 
powder samples, particle size determinations, product com­
position, the determination of the concentrations and distri-
bution of components in solid tablets and content uniformity, 
among other applications. In yet other embodiments, appli­
cations include tablet identification, determination of mois­
ture, residual solvents, active ingredient potency, the study 
of blending operations, and the detection of capsule tam-
pering. 
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FIG. 51 illustrates one example of the difference in 
near-infrared spectrum 5100 between an authentic tablet and 

66 
to be within the scope of this disclosure. Although stronger 
features may be found in the mid-infrared, the near-infrared 
may be easier to measure due to higher quality detection 
systems, more mature fiber optics and light sources, and 

a counterfeit tablet. Two grades of film coated tablets 
comprising drugs were investigated: curve 5101 is the 
genuine drug, while 5102 is a counterfeit drug. These two 
grades of capsules have noticeably different contents, and 
the differences are apparent in the near-infrared or SWIR 
spectra. In some cases the differences may not be as distinct. 

5 transmission through atmospheric transmission windows. 

For these cases, more signal processing may be necessary to 
distinguish between samples. 

In another embodiment, it may be advantageous to take a 
first, second or higher order derivative to elucidate the 
difference between real and counterfeit drugs. For example, 
FIG. 52 shows the second derivative 5200 of the spectral 
comparison of Prozac 5201 and a similarly formulated 
generic 5202, which had a fluoxetine hydrochloride (10 mg). 
Although the reflectance curves from the two samples are 
close and, therefore, difficult to distinguish, the second 
derivative of the data helps to bring out the differences more 
clearly. Although a second derivative is used in this example, 
any number of signal processing algorithms and methods 
may be used, and these are also intended to be covered by 
this disclosure. For example, partial least square algorithms, 
multivariate data analysis, principal component analysis, or 
chemometric software may be implemented without depart- 25 

ing from the scope of this disclosure. 

Because of these distinct spectral signatures, these materials 
could also be detected using active remote sensing, hyper­
spectral imaging, or near-infrared or SWIR spectroscopy. As 
just another example, illicit drugs may be detectable using 

10 remote sensing, hyper-spectral imaging, or near-infrared 
spectroscopy. FIG. 54 shows the mid-wave infrared and 
long-wave infrared absorption spectra 5400 for various 
illicit drugs. The absorbance for cocaine 5401, methamphet-

15 amine 5402, MDMA (ecstasy) 5403, and heroin 5404 are 
plotted versus wavelength from approximately 2.5-20 
microns. Although the fundamental resonances for these 
drugs may lie in the longer wavelength regions, there are 
corresponding overtones and combination bands in the 

20 SWIR and near-infrared wavelength range. Therefore, the 
active remote sensing, hyper-spectral imaging, or near­
infrared or SWIR spectroscopy techniques described herein 
may also be applicable to detecting illicit drugs from air-

In yet another embodiment, near-infrared or SWIR spec­
troscopy may be used to measure and calibrate various 
pharmaceutical formulations based on the active pharma­
ceutical ingredients and excipients. An excipient may be a 30 

pharmacologically inactive substance used as a carrier for 
the active ingredients of a medication. In some cases, the 
active substance may not be easily administered and/or 
absorbed by the human body; in such cases the active 
ingredient may be dissolved into or mixed with an excipient. 35 

Also, excipients are also sometimes used to bulk up formu­
lations that contain very potent active ingredients, to allow 
for convenient and accurate dosage. In addition to their use 
in the single-dosage quantity, excipients can be used in the 
manufacturing process to aid in the handling of the active 40 

substance concerned. 
FIG. 53 shows an example of the near-infrared spectra 

5300 for different pure components of a studied drug. The 
spectrum for the active pharmaceutical ingredient (API) 
5301 is plotted, along with the spectra for five different 45 

excipients 5302, 5303, 5304, 5305 and 5306. Each spectrum 
has been baseline shifted to avoid overlapping. The near­
infrared spectra have been obtained by averaging the spectra 
of each pixel of an area of a hyper-spectral image. As FIG. 
53 shows, each of the chemical compositions have a distinct 50 

spectrum, and the composition of a drug may be decom­
posed into its constitutive ingredients. These are just some 
examples of how near-infrared or SWIR spectroscopy may 

craft, vehicles, or hand held devices. 
The diffuse reflectance technique may be useful with 

near-infrared or SWIR spectroscopy for rapid identification 
of illegal drugs due to simple handling and simple use of a 
search data library created using near-infrared diffuse reflec­
tance. For instance, FIG. 55 illustrates the absorbance 5500 
versus wavelength in the near-infrared region for four 
classes of illegal drugs. In particular, the spectra are shown 
for methamphetamine (MA) 5501, amphetamine (AP) 5502, 
MDMA (street name: ecstasy) 5503, and MDA (street name: 
the love drug) 5504. Each of the illegal drugs have unique 
spectral features in the near-infrared and SWIR. Also, com­
paring the mid-infrared spectrum for MDMA (5403 in FIG. 
54) with the near-infrared spectrum for MDMA (5503 in 
FIG. 55), it seems clear that the near-infrared region shows 
overtones and combination bands that should be discernible. 
Referring to FIG. 55, sample identification may be accom-
plished by using the region (indicated by the arrows) where 
the spectral absorptions may provide specific peaks depend­
ing on the drug component. 

In another embodiment, FIG. 56 shows the diffuse reflec­
tance near-infrared spectrum 5600 of heroin samples. 
Heroin, the 3,6-diacetyl derivative of morphine (hence 
diacetyl-morphine) is an opiate drug synthesized from mor­
phine, which is usually a naturally occurring substance 
extracted from the seedpod of certain varieties of poppy 
plants. In particular, 5601 is the near-infrared spectrum for 
an illicit street drug sample, while 5602 is the spectra for a 
pure heroin standard. The difference between the spectra 
may arise at least in part from cutting agents. The inset 5603 
shows the molecular structure for heroin. As in the other 
examples, the absorption in the near-infrared range is caused 
by overtone and combination vibrations of O-H, C-H, 
N-H and C=O groups, which exhibit their fundamental 
molecular stretching and bending absorption in the mid-

be applied to counterfeit drug detection, but other methods 
and analysis techniques may also be used without departing 55 

from the scope of this disclosure. As one other example, 
once the active pharmaceutical ingredient and the excipients 
spectral distribution of a drug formulation are understood, 
feedback may be provided of this information to the drug 
development stages. 60 infrared range (c.f., the mid-infrared spectrum for heroin is 

shown 5404 in FIG. 54). These overtone and combination 
bands do not behave in a simple way, making the near­
infrared spectra complex and harder to directly interpret. 

Rapid Screening for Illicit Drugs 
Thus, FIGS. 51-53 show that near-infrared or SWIR 

spectroscopy may be used to identify counterfeit drugs. 
More generally, various materials including illicit drugs, 
explosives, fertilizers, vegetation, and paints have features 65 

in the near-infrared and SWIR that can be used to identify 
the various samples, and these applications are also intended 

Also, although the near-infrared signatures may be weaker 
in magnitude, they are probably easier to detect in the 
near-infrared, and the sample preparation may also be much 
simpler in the near-infrared. Moreover, for remote sensing, 
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the near-infrared may be preferable because of atmospheric 
transmission windows between approximately 1.4-1.8 
microns and 2-2.5 microns. 

Pure heroin may be a white powder with a bitter taste that 
is rarely sold on the streets, while illicit heroin may be a 5 

powder varying in color from white to dark brown due to 
impurities left from the manufacturing process or the pres­
ence of additives. The purity of street heroin may also vary 
widely, as the drug can be mixed with other white powders. 
The impurity of the drug may often make it difficult to gauge 10 

the strength of the dosage, which runs the risk of overdose. 
One nice feature of near-infrared or SWIR spectroscopy is 
that the technique may be used in a non-destructive, non­
contact manner to determine rapidly the concentration of 
compounds present in complex samples at percentage levels 15 

with very little sample preparation. In a particular embodi­
ment, FIG. 57 illustrates the diffuse reflectance near-infrared 
spectra 5700 of different seized illicit drugs containing 
heroin (between 10.7 and 21.8%) compared with the spec­
trum of pure heroin 5701. Curve 5702 is for 21.8% by 20 

weight, curve 5703 is 13.2% by weight, curve 5704 is 17% 
by weight, and curve 5705 is 10. 7% by weight of heroin. The 
spectra have been shifted along the vertical axis to better 
illustrate the differences. 

68 
multiple components in a sample and in pack quantification 
of drugs in formulation, as well as quality of a drug and 
quality control of complex excipients used in formulation. 
The PAT process may benefit from near-infrared or SWIR 
spectroscopy for some steps, such as: raw material identi­
fication, active pharmaceutical ingredient applications, dry-
ing, granulation, blend uniformity and content uniformity. 
Some of the strengths of near-infrared or SWIR spectros­
copy include: radiation has good penetration properties, and, 
thus, minimal sample preparation may be required; mea­
surement results may be obtained rapidly, and simultaneous 
measurements may be obtained for several parameters; 
non-destructive methods with little or no chemical waste; 
and organic chemicals that comprise most pharmaceutical 
products have unique spectra in the near-infrared and SWIR 
ranges, for example. 

FIG. 60 shows one example of a flow-chart 6000 in the 
PAT for the pharmaceutical industry. While the center shows 
the steps of the manufacturing process 6001, the top and 
bottom sides show where near-infrared spectroscopy could 
be applicable for lab use 6002 (top) or in process monitoring 
control 6003 (bottom). Indeed, near-infrared or SWIR spec­
troscopy has the potential to benefit almost every step in the 
manufacturing process. Just to provide a few examples of 

Although quite complex in the near-infrared, it may be 
possible to identify from the pure heroin near-infrared 
spectrum (5701 in FIG. 57 or 5602 in FIG. 56) the main 
wavelengths related to the most common functional groups 

25 using near-infrared or SWIR spectroscopy in the PAT pro­
cess, the raw material testing and blending process will be 
examined briefly. 

in heroin. For example, FIG. 58 lists possible band assign­
ments 5800 for the various spectral features in pure heroin. 
As can be seen from FIG. 58, the absorption in the near­
infrared may be mainly due to overtone and combination 
bands associated with O-H, C-H, N-H and C=O 
groups. 

At the commencement of manufacture of a drug product, 
it may be required to identify the correct material and grade 

30 of the pharmaceutical excipients to be used in the formula­
tion. FIG. 61 illustrates the typical near-infrared spectra 
6100 for a variety of excipients. Included in the graph 6100 
are spectra for: magnesium stearate 6101, sorbitol 6102, 
mannitol 6103, talc 6104, lactose 6105, starch 6106, malto-

35 dextrin 6107, and microcrystalline cellulose 6108. A suitable 
spectral database may be used to rapidly identify and qualify 
excipients. One nice aspect of the spectroscopy is that the 
near-infrared and SWIR are sensitive to both the physical 

As can be appreciated from FIG. 57, there may be 
significant differences between the spectrum of pure heroin 
and sample spectra. These differences may be due to the 
presence of different compounds used as cutting agents, 
which can affect the shape and intensity of the near-infrared 
signals. FIG. 59 illustrates the diffuse reflectance near- 40 

infrared spectra 5900 of different compounds that may be 
frequently employed as cutting agents. In the bottom of FIG. 

and chemical characteristics of the samples. 
One of the next steps in the manufacture of a dosage form 

is the blending together of the active component with the 
excipients to produce a homogeneous blend. In one embodi­
ment, the near-infrared or SWIR spectroscopy apparatus 
may comprise a fiber-optic probe, which may, for example, 

59 are shown the spectra 5908 for pure heroin and the 
spectra 5907 for a seized illicit street drug sample compris­
ing 21.8% of heroin. The spectra for various cutting agents 
include: 5901 for flour, 5902 for talcum powder, 5903 for 
chalk, 5904 for acetylsalicylic acid, 5905 for caffeine, and 
5906 for paracetamol. Thus, near-infrared or SWIR spec­
troscopy may be used to work back to the composition of an 
unknown drug. Although particular examples of counterfeit 
and illicit drugs have been described, the near-infrared or 
SWIR spectroscopy (including diffuse reflectance, reflec­
tance, fluorescence or transmission) may also be applied to 
the identification of other drugs and substances without 
departing from the scope of this disclosure. This spectros­
copy may be used non-destructively and non-contact over 
stand-off distances or in remote sensing distances, whether 
from an airborne, vehicle, hand-held, or stationary platform. 
Process Analytical Technology (Pat) 

45 interface with the blending vessel. For such a fiber-optic 
probe, near infrared or SWIR spectra may be collected in 
real-time from a blending process. FIG. 62 exemplifies the 
absorbance 6200 from the blending process. Although the 
initial spectra 6201 shows differences from the eventual 

50 spectra, as the process continues the blend converges to the 
final spectra 6202 and continues to overlap that spectra. 
Similar converging or overlapping spectra may also be used 
to check the product uniformity at the end of the process. 
The near-infrared spectra may be acquired in real-time; and, 

55 using appropriate data pre-processing and chemometric 
analysis, blend homogeneity plots may be derived, such as 
6200. 

One definition of process analytical technology, PAT, is "a 60 

system for designing, analyzing and controlling manufac­
turing through timely evaluations (i.e., during processing) of 
significant quality and performance attributes of raw and 
in-process materials and processes, with the goal of ensuring 
final product quality." Near-infrared or SWIR spectroscopy 65 

may have applications in the PAT of the pharmaceutical 
industry by providing, for example, quantitative analysis of 

One goal of the manufacturing process and PAT may be 
the concept of a "smart" manufacturing process, which may 
be a system or manufacturing operation responding to 
analytical data generated in real-time. Such a system may 
also have an in-built "artificial intelligence" as decisions 
may be made whether to continue a manufacturing opera­
tion. For example, with respect to the raw materials, inte­
gration of the quality measurement into smart manufacturing 
processes could be used to improve manufacturing opera-
tions by ensuring that the correct materials of the appropriate 

 
 

IPR2025-01251 Page 137



US 12,193,790 B2 
69 

quality are used in the manufacture. Similarly, a smart 
blender would be under software control and would respond 
to the real-time spectral data collected. 

FIG. 63 illustrates what might be an eventual flow-chart 
6300 of a smart manufacturing process. The manufacturing 5 

process 6301 may have as input the process feed 6302 and 
result in a process output 6303. A process controller 6304 
may at least partially control the manufacturing process 
6301, and the controller 6304 may receive inputs from the 
closed loop control (process parameters) 6305 as well as the 10 

on-line monitoring of process parameters 6306. The feed­
back loops in the process could refine the manufacturing 
process 6301 and improve the quality of the process output 
6303. These are particular embodiments of the use of 
near-infrared or SWIR spectroscopy in the PAT of the 15 

pharmaceutical industry, but other variations, combinations, 
and methods may also be used and are intended to be 
covered by this disclosure. 

The discussion thus far has centered on use of near­
infrared or SWIR spectroscopy in applications such as 20 

identification of counterfeit drugs, detection of illicit drugs, 
and pharmaceutical process control. Although drugs and 
pharmaceuticals are one example, many other fields and 
applications may also benefit from the use of near infrared 
or SWIR spectroscopy, and these may also be implemented 25 

without departing from the scope of this disclosure. As just 
another example, near-infrared or SWIR spectroscopy may 
also be used as an analytic tool for food quality and safety 
control. Applications in food safety and quality assessment 
include contaminant detection, defect identification, con- 30 

stituent analysis, and quality evaluation. The techniques 
described in this disclosure are particularly valuable when 
non-destructive testing is desired at stand-off or remote 
distances. 

In one example, near-infrared or SWIR spectroscopy may 35 

be used in cereal breeding. The breeding purposes may 
require knowledge on both composition and functional 
properties of grain, while the functionality of wheat grain is 
an issue for wheat breeders. Most of the wheat functionality 
parameters depend on the protein-proteinase complex of 40 

wheat grain, as well as the condition of the carbohydrate 
complex. FIG. 64A illustrates the near-infrared reflectance 
spectrum 6400 of wheat flour. Since these samples are 
complex in composition, several organic bonds involving 
hydrogen vibrate to produce overlapped spectral bands. 45 

Thus, the resulting spectrum 6400 appears like a wavy line 
without clearly defined features. Analytical methods based 
on this type of spectroscopy may have the potential to 
improve the quality of final cereal products by testing the 
products through the entire production process in the pro- 50 

cessing industry. 
In yet another embodiment, near-infrared or SWIR spec­

troscopy may be used for the assessment of fruit and 
vegetable quality. Most commercial quality classification 
systems for fruit and vegetables are based on external 55 

features of the product, such as shape, color, size, weight and 
blemishes. However, the external appearance of most fruit is 
generally not an accurate guide to the internal eating quality 
of the fruit. As an example, for avocado fruit the external 
color is not a maturity characteristic, and its smell is too 60 

weak and appears later in its maturity stage. Analysis of the 
near-infrared or SWIR absorption spectra may provide 
qualitative and quantitative determination of many constitu­
ents and properties of horticulture produce, including oil, 
water, protein, pH, acidity, firnmess, and soluble solids 65 

content or total soluble solids of fresh fruits. FIG. 64B shows 
the near-infrared absorbance spectra 6450 obtained in dif-

70 
fusion reflectance mode for a series of whole 'Hass' avocado 
fruit. Four oil absorption bands are near 2200-2400 nm 
(CH2 stretch bend and combinations), with weaker absorp­
tion around 750 nm, 1200 nm, and 900-930 nm ranges. On 
the other hand, near 1300-1750 nm range may be useful for 
determining the protein and oil content. The 900-920 nm 
absorbance band may be useful for sugar determination. 
Although described in the context of grains, fruits, and 
vegetables, the near-infrared or SWIR spectroscopy may 
also be valuable for other food quality control and assess­
ment, such as measuring the properties of meats. These and 
other applications also fall within the scope of this disclo­
sure. 
Detection Systems 

The near-infrared or SWIR spectroscopy system, remote 
sensing system or hyper-spectral imaging system may be on 
an airborne platform, mounted on a vehicle, a stationary 
transmission or reflection set-up, or even held by a human 
for a compact system. For such a system, there are funda­
mentally two hardware parts: the transmitter or light source 
and the detection system. Between the two, perhaps in a 
transmission or reflection setting, may be the sample being 
tested or measured. Moreover, the output from the detection 
system may go to a computational system, comprising 
computers or other processing equipment. The output from 
the computational system may be displayed graphically as 
well as with numerical tables and perhaps an identification 
of the material composition. These are just some of the parts 
of the systems, but other elements may be added or be 
eliminated, and these modified configurations are also 
intended to be covered by this disclosure. 

By use of an active illuminator, a number of advantages 
may be achieved. First, stand-off or remote distances may be 
achieved if a non-lamp system is used-i.e., if the beam 
does not rapidly diffract. Also, higher signal-to-noise ratios 
may be achieved. For example, one way to improve the 
signal-to-noise ratio would be to use modulation and lock-in 
techniques. In one embodiment, the light source may be 
modulated, and then the detection system would be syn­
chronized with the light source. In a particular embodiment, 
the techniques from lock-in detection may be used, where 
narrow band filtering around the modulation frequency may 
be used to reject noise outside the modulation frequency. In 
another embodiment, change detection schemes may be 
used, where the detection system captures the signal with the 
light source on and with the light source off. Again, for this 
system the light source may be modulated. Then, the signal 
with and without the light source is differenced. Change 
detection may help to identify objects that change in the field 
of view. In the following some exemplary detection systems 
are described. 

In one embodiment, a SWIR camera or infrared camera 
system may be used to capture the images. The camera may 
include one or more lenses on the input, which may be 
adjustable. The focal plane assemblies may be made from 
mercury cadmium telluride material (HgCdTe ), and the 
detectors may also include thermo-electric coolers. Alter­
nately, the image sensors may be made from indium gallium 
arsenide (InGaAs ), and CMOS transistors may be connected 
to each pixel of the InGaAs photodiode array. The camera 
may interface wirelessly or with a cable ( e.g., USB, Ethernet 
cable, or fiber optics cable) to a computer or tablet or smart 
phone, where the images may be captured and processed. 
These are a few examples of infrared cameras, but other 
SWIR or infrared cameras may be used and are intended to 
be covered by this disclosure. 
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In another embodiment, an imaging spectrometer may be 
used to detect the light received from the sample. For 
example, FIG. 65A shows a schematic diagram 6500 of the 
basic elements of an imaging spectrometer. The input light 
6501 from the sample may first be directed by a scanning 5 

mirror and/or other optics 6502. An optical dispersing ele­
ment 6503, such as a grating or prism, in the spectrometer 
may split the light into many narrow, adjacent wavelength 
bands, which may then be passed through imaging optics 
6504 onto one or more detectors or detector arrays 6505. 10 

Some sensors may use multiple detector arrays to measure 
hundreds of narrow wavelength bands. 

mirrors 6604, 6606 back to the beam splitter 6602, and then 
a portion of the recombined beam 6607 may be directed 
toward the sample 6608. The recombined beam 6607 may be 
focused onto the sample 6608, in one embodiment. On 
leaving the sample 6608, the light may be refocused or at 
least collected at a detector 6609. A background interfero-
gram may be obtained by using the set-up 6600 without a 
sample in the chamber 6608. When a sample is inserted into 
6608, the background interferogram may be modulated by 
the presence of absorption bands in the sample. The FTIR 
spectrometer may have several advantages compared to a 
scanning (dispersive) spectrometer. Since all the wave­
lengths may be collected simultaneously, the FTIR may 
result in a higher signal-to-noise ratio for a given scan time 
or a shorter scan time for a given resolution. Moreover, 
unlike a spectrometer where a slit may limit the amount of 

An example of a typical imaging spectrometer 6550 used 
in hyper-spectral imaging systems is illustrated in FIG. 65B. 
In this particular embodiment, the input light may be 15 

directed first by a tunable mirror 6551. A front lens 6552 
may be placed before the entrance slit 6553 and the collector 
lens 6554. In this embodiment, the dispersing element is a 
holographic grating with a prism 6555, which separates the 
different wavelength bands. Then, a camera lens 6556 may 20 

be used to image the wavelengths onto a detector or camera 
6557. 

the beam detected, the FTIR may accommodate the entire 
diameter of the beam coming from the light source 6601. 
The configuration 6600 is one example of an FTIR, but other 
configurations may also be used, and these are also intended 
to be covered by this disclosure. 

In yet another example of multi-beam detection systems, 
a dual-beam set-up 6700 such as in FIG. 67 may be used to 
subtract out ( or at least minimize the adverse effects of) light 

FIG. 65 provide particular examples, but some of the 
elements may not be used, or other elements may be added, 
and these are also intended to be covered by this disclosure. 
For instance, a scanning spectrometer may be used before 
the detector, where a grating or dispersive element is 
scanned to vary the wavelength being measured by the 
detector. In yet another embodiment, filters may be used 
before one or more detectors to select the wavelengths or 
wavelength bands to be measured. This may be particularly 
useful if only a few bands or wavelengths are to be mea­
sured. The filters may be dielectric filters, Fabry-Perot 
filters, absorption or reflection filters, fiber gratings, or any 
other wavelength selective filter. In one embodiment, a 
wavelength division multiplexer, WDM, may be used fol­
lowed by one or more detectors or detector arrays. One 
example of a planar wavelength division multiplexer may be 
a waveguide grating router or an arrayed waveguide grating. 
The WDM may be fiber coupled, and detectors may be 
placed directly at the output or the detectors may be coupled 
through fibers to the WDM. Some of these components may 
also be combined with the configurations in FIG. 65. 

While the above detection systems could be categorized 
as single path detection systems, it may be advantageous in 
some cases to use multi-path detection systems. In one 
embodiment, a detection system from a Fourier transform 
infrared spectrometer, FTIR, may be used. The received 
light may be incident on a particular configuration of mir­
rors, called a Michelson interferometer, that allows some 
wavelengths to pass through but blocks others due to wave 
interference. The beam may be modified for each new data 
point by moving one of the mirrors, which changes the set 
of wavelengths that pass through. This collected data is 
called an interferogram. The interferogram is then pro­
cessed, typically on a computing system, using an algorithm 
called the Fourier transform. One advantageous feature of 
FTIR is that it may simultaneously collect spectral data in a 
wide spectral range. 

FIG. 66 illustrates one example of the FTIR spectrometer 
6600. Light from the near-infrared or SWIR light source 
6601 may be collimated and directed to a beam splitter 6602. 
In one embodiment, the beam splitter 6602 may be a 50:50 
beam splitter. One portion of the beam 6603 may be 
reflected toward a stationary mirror 6604, while the other 
portion of the beam 6605 may be transmitted towards a 
moving mirror 6606. Light may be reflected from the two 

25 source fluctuations. In one embodiment, the output from an 
SC source 6701 may be collimated using a CaF2 lens 6702 
and then focused into the entrance slit of the monochromator 
6703. At the exit slit, light at the selected wavelength is 
collimated again and may be passed through a polarizer 

30 6704 before being incident on a calcium fluoride beam 
splitter 6705. After passing through the beam splitter 6705, 
the light is split into a sample 6706 and reference 6707 arm 
to enable ratiometric detection that may cancel out effects of 
intensity fluctuations in the SC source 6701. The light in the 

35 sample arm 6706 passes through the sample of interest and 
is then focused onto a HgCdTe detector 6708 connected to 
a pre-amp. A chopper 6702 and lock-in amplifier 6710 setup 
enable low noise detection of the sample arm signal. The 
light in the reference arm 6707 passes through an empty 

40 container (cuvette, gas cell etc.) of the same kind as used in 
the sample arm. A substantially identical detector 6709, 
pre-amp and lock-in amplifier 6710 is used for detection of 
the reference arm signal. The signal may then be analyzed 
using a computer system 6711. This is one particular 

45 example of a method to remove fluctuations from the light 
source, but other components may be added and other 
configurations may be used, and these are also intended to 
be covered by this disclosure. 

Although particular examples of detection systems have 
50 been described, combinations of these systems or other 

systems may also be used, and these are also within the 
scope of this disclosure. As one example, environmental 
fluctuations (such as turbulence or winds) may lead to 
fluctuations in the beam for active remote sensing or hyper-

55 spectral imaging. A configuration such as FIG. 67 may be 
able to remove the effect of environmental fluctuations. Yet 
another technique may be to "wobble" the light beam after 
the light source using a vibrating mirror. The motion may 
lead to the beam moving enough to wash out spatial fluc-

60 tuations within the beam waist at the sample or detection 
system. If the vibrating mirror is scanned faster than the 
integration time of the detectors, then the spatial fluctuations 
in the beam may be integrated out. Alternately, some sort of 
synchronous detection system may be used, where the 

65 detection is synchronized to the vibrating frequency. 
Described herein are just some examples of the beneficial 

use of near-infrared or SWIR lasers for spectroscopy, active 
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remote sensing or hyper-spectral imaging. However, many 
other spectroscopy and identification procedures can use the 
near-infrared or SWIR light consistent with this disclosure 
and are intended to be covered by the disclosure. As one 
example, the fiber-based super-continuum lasers may have a 
pulsed output with pulse durations of approximately 0.5-2 
nsec and pulse repetition rates of several Megahertz. There­
fore, the near-infrared or SWIR spectroscopy, active remote 
sensing or hyper-spectral imaging applications may also be 
combined with LIDAR-type applications. Namely, the dis­
tance or time axis can be added to the information based on 
time-of-flight measurements. For this type of information to 
be used, the detection system would also have to be time­
gated to be able to measure the time difference between the 
pulses sent and the pulses received. By calculating the 
round-trip time for the signal, the distance of the object may 

74 
absorption in the mid-IR near 3300-3600 nm, but they also 
have many combination band lines between 2000-2500 nm, 
and other lines at shorter wavelengths corresponding to the 
first and second overtones. Fortunately, there are spectral 

5 features of FIG. 69 that overlap with the absorption valleys 
in FIG. 68. These are likely to be the wavelengths of interest 
for spectroscopic analysis of cancerous regions. 

In women, the breasts (FIG. 70) 7000 overlay the pecto­
ralis major muscles 7002 and cover much of the chest area 

10 and the chest walls 7001. The breast is an apocrine gland that 
produces milk to feed an infant child; the nipple 7004 of the 
breast is surrounded by an areola 7005, which has many 
sebaceous glands. The basic units of the breast are the 
terminal duct lobules 7003, which produce the fatty breast 

15 milk. They give the breast its function as a mammary gland. 
The lobules 7003 feed through the milk ducts 7006, and in 
turn these ducts drain to the nipple 7004. The superficial 
tissue layer (superficial fascia) may be separated from the 
skin 7008 by about 0.5-2.5 cm of adipose of fatty tissue 

20 7007. 

be judged. In another embodiment, GPS (global positioning 
system) information may be added, so the near-infrared or 
SWIR spectroscopy, active remote sensing or hyper-spectral 
imagery would also have a location tag on the data. More­
over, the near-infrared or SWIR spectroscopy, active remote 
sensing or hyper-spectral imaging information could also be 
combined with two-dimensional or three-dimensional 
images to provide a physical picture as well as a chemical 
composition identification of the materials. These are just 
some modifications of the near-infrared or SWIR spectros­
copy, active remote sensing or hyper-spectral imaging sys­
tem described in this disclosure, but other techniques may 
also be added or combinations of these techniques may be 
added, and these are also intended to be covered by this 30 

disclosure. 

Breast cancer is a type of cancer originating from breast 
tissue, most commonly from the inner lining of milk ducts 
7006, the lobules 7003 that supply the ducts with milk, 
and/or the connective tissue between the lobules. Cancers 

25 originating from ducts 7006 are known as ductal carcino­
mas, while those originating from lobules 7003 or their 
connective tissue are known as lobular carcinomas. While 
the overwhelming majority of human cases occur in women, 
male breast cancer may also occur. 

Several particular embodiments of imaging systems 7100, 
7150 for optically scanning a breast are illustrated in FIG. 
71. In these particular embodiments, the patient 7101, 7151 
may lie in a prone position with her breasts inside a box 
7102, 7152 with probably a transparent window on the 

Section 5: Near-Infrared Super-Continuum Lasers for Early 
Detection of Breast and Other Cancers 

To perform non-invasive optical mammography, one 
desired attribute is that the light may penetrate as far as 
possible into the breast tissue. In diffuse reflection spectros­
copy, a broadband light spectrum may be emitted into the 
tissue, and the spectrum of the reflected or transmitted light 
may depend on the absorption and scattering interactions 
within the target tissue. Since breast tissue has significant 
water and hemoglobin content, it is valuable to examine the 
wavelength range over which deep penetration of light is 
possible. FIG. 68 illustrates the optical absorption 6800 of 
pure water (dotted line) 6801, hemoglobin without oxygen 
(thinner solid line) 6802, and hemoglobin saturated with 
oxygen (thicker solid line) 6803. It can be noted that above 
about 1100 nm, the absorption of hemoglobin is almost the 
same as water absorption. The penetration depth may be 
proportional to the inverse of the optical absorption. There­
fore, the highest penetration depth will be at the absorption 
valley, approximately in the wavelength range between 
about 900 nm and about 1300 nm. Although not as low in 
absorption compared to the first window, another absorption 
valley lies between about 1600 nm and 1800 nm. Thus, 
non-invasive imaging preferably should use wavelengths 
that fall in one of these two absorption valleys. 

FIG. 69 shows examples of various absorption bands of 
chemical species 6900 in the wavelength range between 
about 1200 nm and 2200 nm. Although the fundamental 
absorptions usually lie in the mid-infrared ( e.g., wavelengths 
longer than about 3 microns), there are many absorption 
lines in the NIR corresponding to the second overtone region 
6901 between about 1000 nm and 1700 nm, the first over­
tone region 6902 between about 1500 nm and 2050 nm, and 
the combination band region 6903 between about 1900 nm 
and 2300 nm. As an example, hydrocarbon bonds common 
in many biological substances have their fundamental 

35 detector side. A compression plate 7103, 7153 may hold the 
breast in place against the viewing window by mildly 
compressing the breast to a thickness between about 5.5 and 
7.5 cm. The box 7102, 7152 may then be filled with a 
matching fluid with optical properties similar to human 

40 breast. In one instance, the matching fluid may comprise 
water, india ink for absorption, and a fat emulsion for 
scattering. The embodiments in FIG. 71 may also have one 
or more detectors 7104, 7155, one or more light sources 
7104, 7154, various electronics, and even an imaging system 

45 based on charge coupled devices 7105. As illustrated in FIG. 
71, the light sources 7104, 7154 and detectors 7104, 7155 
may be coupled to the box 7102, 7152 through one or more 
fibers 7106, 7156. Also, the imaging may be in reflection 
mode (top of FIG. 71), transmission mode (bottom of FIG. 

50 71), or some combination. 
Beyond the geometry and apparatus of FIG. 71, the 

optical imaging system may use one or more of three 
different illumination methods: continuous wave, time-do­
main photon migration, and frequency-domain photon 

55 migration. In one embodiment, continuous-wave systems 
emit light at approximately constant intensity or modulated 
at low frequencies, such as 0.1-100 KHz. In another embodi­
ment, the time-domain photon migration technique uses 
relatively short, such as 50-400 psec, light pulses to assess 

60 the temporal distribution of photons. Since scattering may 
increase the times of flight spent by photons migrating in 
tissues, the photons that arrive earliest at the detector prob­
ably encountered the fewest scattering events. In yet another 
embodiment, the frequency-domain photon migration 

65 devices modulate the amplitude of the light that may be 
continuously transmitted at relatively high frequencies, such 
as 10 MHz to 1 GHz. For example, by measuring the phase 
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shift and amplitude decay of photons as compared to a 
reference signal, information may be acquired on the optical 
properties of tissue, and scattering and absorption may be 
distinguished. Beyond these three methods, other techniques 
or combinations of these methods may be used, and these 
other methods are also intended to fall within the scope of 
this disclosure. 

Although particular embodiments of imaging architec­
tures are illustrated in FIG. 71, other system architectures 
may also be used and are also intended to be covered by this 
disclosure. For example, in one embodiment several couples 
of optical fibers for light delivery and collection may be 
arranged along one or more rings placed at different dis­
tances from the nipple 7004. In an alternate embodiment a 
"cap" with fiber leads for light sources and detectors may be 
used that fits over the breast. In yet another embodiment, 
imaging optics and light sources and detectors may surround 
the nipple 7004 and areola 7005 regions of the breast. As yet 
another alternative, a minimally invasive procedure may 
involve inserting needles with fiber enclosure (to light 
sources and detectors or receivers) into the breast, so as to 
probe regions such as the lobules 7003 and connective 
tissue. Both non-invasive and minimally invasive optical 
imaging methods are intended to be covered by this disclo­
sure. 
Optical Wavelength Ranges for Cancer Detection 

76 
Breast cancer spectroscopy may benefit from the use of 

wavelengths longer than about 1000 nm for a number of 
reasons. As one example, the main absorbers in soft tissues 
of the visible spectrum of light may be oxy- and deoxygen-

5 ated hemoglobin and beta-carotene. On the other hand, 
primary absorbers in the near-infrared spectrum oflight may 
be water, adipose tissue and collagen. Particularly adipose 
and collagen content may be valuable for early detection of 
cancers. In one embodiment, increased levels of collagen in 

10 breast malignancies are thought to be due to increased 
vascularity of the tumors. Collagen type I may be an 
important component of artery walls. FIG. 73 illustrates the 
normalized absorption coefficient 7300 in the wavelength 
range between about 500 nm and 1600 nm for Hb 7301, 

15 HbO2 7302, beta-carotene 7303, water 7304, lipid 7305 and 
collagen 7306. 
Collagen and Adipose Signatures in Near-IR 

Examining the collagen content may be a valuable indi­
cator for breast cancer detection. Collagen is one of the 

20 important extracellular matrix proteins, and fibrillar colla­
gens help to determine stromal architecture. In turn, changes 
in the stromal architecture and composition are one of the 
aspects of both benign and malignant pathologies, and, 
therefore, may play an initial role in breast carcinogenesis. 

25 For example, collagen seems to be related to cancer devel­
opment, because high manimographic density may be rec­
ognized as a risk factor for breast cancer. Moreover, collagen 
type in high-risk dense breasts may appear to be different Many of the diffuse optical tomography studies previ­

ously conducted have relied on using NIR in the wavelength 
range of about 600-1000 nm, where light absorption at these 30 

wavelengths may be minimal, allowing for sufficient tissue 
penetration (up to 15 cm). In these wavelength ranges, it has 
been claimed that concentrations of oxy- and deoxy-hemo­
globin, water, and lipids can be determined. For example, 
FIG. 72 shows the normalized absorption spectra 7200 of 
main tissue absorbers in the NIR between about 600 nm and 
1100 nm: deoxy-hemoglobin, Hb, 7201, oxy-hemoglobin, 
HbO2, 7202, water 7203, lipids 7204 and collagen 7205. It 

from collagen in low-density breasts. 
Experimental data also shows that malignant manimary 

gland tissues of animals and humans show a decrease in 
lipids when compared to normal tissues. The reduced 
amounts of lipids in the cancerous sites may be caused by a 
high metabolic demand of lipids in the malignant tumors. 

35 For example, due to the rapid proliferation of cancerous 
cells, there may be reduced lipid content in cancerous 
tissues. Thus, in addition to collagen, another valuable 
marker for breast cancer may be the lipid spectral features. 
It may also be possible to combine the markers from oxy-is speculated that in a malignant tumor, hemoglobin con­

centration may be directly related to angiogenesis, one of the 
main factors required for tumor growth and metastases. 
Moreover, the proportions of oxy- and deoxy-hemoglobin in 
a tumor may change due to its metabolism. Thus, by 
measuring concentrations of the breast components, dis­
crimination of benign and malignant tumors may be possible 
with diffuse optical imaging. Experiment evidence suggests 
that cancerous tissue is associated with higher hemoglobin 
and water concentrations, and a lower lipid concentration 
with respect to normal breast tissue. 

Based on FIG. 68 and the dynamics of carcinoma, it may 
be advantageous to perform spectroscopy in longer wave­
lengths, such as windows between 1000-1400 nm or 1600-
1800 nm. For example, looking at the absorption curves 
6800 in FIG. 68, the absorption between approximately 
1000-1300 nm may be comparable to the 600-1000 nm 
window described in FIG. 72. However, the loss through the 
soft tissue medium (penetration depth may be inversely 
related to the loss) will be due to absorption and scattering. 
In fact, the scattering properties of tissue may also contain 
valuable information for lesion diagnosis. Since the scatter­
ing is inversely proportional to some power of wavelength 
(for example, in some tissue scattering is inversely propor­
tional to the wavelength cubed), the scattering contribution 
to the loss may decrease at longer wavelengths. Moreover, 
these longer wavelength windows may contain diagnostic 
information on content of collagen and adipose, both of 
which may be significant indicators for breast cancer. 

40 and deoxygenated hemoglobin and water with lipid and 
collagen lines to improve the diagnostics and/or therapeutics 
of optical imaging and/or treatment for breast and other 
types of cancer. Although specific examples of tissue con­
stituents are discussed, other tissue constituents and related 

45 markers may also be associated with breast cancer and other 
cancers, and these other constituents are also intended to be 
covered by this disclosure. 

As an example of the types of spectral signatures that may 
exist, in vivo investigations of progressive changes in rat 

50 mammary gland tumors were conducted using near-infrared 
spectroscopy with a Fourier-transform infrared spectrom­
eter. In one embodiment, FIG. 74 shows the typical spectra 
of the cancerous site of the treated rat and the corresponding 
site of the normal rat. FIG. 74A shows the logarithm of the 

55 inverse of reflection spectra 7400, while FIG. 74B shows 
their second derivative spectra 7450. The curves 7401, 7451 
correspond to the spectra of the cancerous sites, while 7402, 
7452 correspond to the spectra of the normal sites. Since the 
second derivative techniques may be useful in the analyses 

60 of NIR spectra to minimize baseline offsets and to resolve 
overlapping absorption without compromising signal-to­
noise, FIG. 74B may be used for interpretation of the 
spectral changes. 

In FIG. 74B identification may be made of several of the 
65 spectral features. In particular, there are DNA bands near 

1471 nm and 1911 nm, while there are water bands near 967 
nm, 1154 nm, 1402 nm, and 1888 nm. Moreover, there are 
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lipid bands near 1209 run, 1721 run and 1764 run, and there 
are protein bands near 2055 run, 2172 run and 2347 run. The 
NIR spectra of FIG. 74 show that the DNA and water 
contents in the cancerous tissue may be higher than those in 
normal tissues. On the other hand, the lipid content in the 5 

cancerous tissue may be less than the lipid content in normal 
tissues. With protein contents, however, little difference may 
be found between the normal and cancerous tissue. 

78 
collagen II 7802, collagen III 7803, and collagen IV 7804. 
Collagen I, for instance, may be a major constituent of 
stroma. Also, collagen I and collagen III may be the prin-
cipal collagens of the aorta. Since the spectra of the four 
collagens are distinctive, multicomponent analysis of colla­
gens may possibly be used to distinguish the type of collagen 
involved. 

These experiments on rats with breast cancer were also 
used to observe the temporal progression of the cancer. In 
this embodiment, as the cancer grew, the lipid band intensity 
decreased, and this band also shifted to higher wavelengths, 
and collagen peaks appeared in the tissues. In FIG. 75, the 
second derivative spectral changes 7500 were investigated 

The experimental results discussed thus far indicate that 
breast cancer detection may benefit from spectroscopy in the 

10 NIR and SWIR, particularly wavelengths between approxi­
mately 1000-1400 run and 1600-1800 run. These are wave­
length windows that may have deep penetration into soft 
tissue, while still falling within lower absorption valleys of 

15 water. Moreover, the longer wavelengths lead to less scat­
tering in tissue and water, again permitting deeper penetra­
tion of the light. In the NIR and SWIR wavelength range, the 
spectra of standard samples of cholesterol, protein, collagen, 
elastin and DNA were measured to obtain information on 

in the 1600 run to 1800 run wavelength range over several 
weeks. An early cancer was detected in the 5th week, and 
then it grew rapidly from the 6th 7501 to the 7th 7502 week. 
The cancer's temporal progression through the 8th 7503, 9th 
7504, 10th 7505 and 11th 7506 week are shown in the 
various curves in FIG. 75. With the cancer growth, the 20 

intensity of the lipid band in the vicinity of 1721 run 
decreased, and this band shifted to higher wavelengths by 7 
run at the 11th week 7506 compared to the wavelength band 
at the 5th week. The higher wavelength shift may indicate 
that an order parameter of the lipids increases with progres- 25 

sive cancer growth. 
Moreover, in the data of FIG. 75 is seen that a new peak 

appeared as the cancer grew around 1690 run, which may be 
assigned to be a collagen absorption by comparison with the 
absorptions of standard collagen ( c.f., FIG. 78). The higher 30 

wavelength shift may be attributable to the formation of 
elastic fibers in the lipid layer with collagen induced in the 
cancer tissues, thus leading to an increased order parameter 
of the lipids. Thus, it can be seen that significant information 
about breast cancer tissue compared with normal tissue may 35 

be obtained by spectroscopy at the longer wavelengths in the 
near-infrared. 

The second derivative spectra may also be insightful for 
observing and monitoring changes in tissue as well as 
characterizing tissue in the near-infrared wavelength range. 40 

As an example, FIG. 76 illustrates the second derivative 
spectra 7600 for cholesterol (similar to one embodiment of 
lipids) 7601, collagen 7602, and elastin 7603. The left curve 
7625 shows the second derivative data over the wavelength 
range of about 1150 run to 1300 run, while the right curve 45 

7650 shows the second derivative data over the wavelength 
range of about 1600 run to 1850 run. These wavelengths 
show numerous features for cholesterol/lipid 7601, collagen 
7602, and elastin 7603, which again emphasizes the added 
value of using wavelengths longer than about 1000 run for 50 

cancer diagnostics. 
To further illustrate the value of using longer wavelengths 

in the NIR or SWIR for observing changes in breast cancer 
and other cancer markers, the spectra of in water, lipids/ 
adipose and collagen of different varieties may be studied. 55 

As one embodiment, the absorption coefficients 7700 are 
shown in FIG. 77 as a function of wavelength between about 
1000 run and 2600 run. FIG. 77 overlaps the absorption 
coefficient for water 7701, adipose 7702 (forms of adipose 
include fatty tissue and acids, lipids, and cholesterol), and 60 

collagen type I 7703. One may note that particular absorp­
tion peaks for adipose 7702 and collagen type I 7703 align 
at wavelengths near 1210 run 7704 and 1720 run 7705, 
which also correspond to local minima in water absorption. 

Moreover, the NIR spectra for collagen also depend on the 65 

type of collagen. As an example, FIG. 78 illustrates the 
absorbance 7800 for four types of collagen: collagen I 7801, 

their characteristic bands in the spectra of mammary gland 
tissues. Absorption peaks in the standard samples occur at 
the following exemplary wavelengths: 
Collagen: 1182 run, 1360 run, 1426 run, 1496 run, 1569 run, 
1690 run, 1732 run; 
Lipids: 1157 run, 1209 run, 1404 run, 1721 run, 1764 run; 
Cholesterol: 918run, 1195run, 1376run, 1585run, 1711 run, 
1757 run; 
Protein: 910 run, 1143 run, 1186 run, 1279 run, 1420 run, 
1503 run, 1579 run, 1690 run, 1739 run, 1799 run; and 
DNA: 1414 run, 1471 run, 1626 run, 1728 run. 

Comparing these absorption features with the data in 
FIGS. 73-78 shows that there are absorption features or 
signatures in the second derivatives that can be used to 
monitor changes in, for example, collagen and lipids. By 
using broadband light and performing spectroscopy in at 
least some part of the wavelength windows between about 
1000-1400 run and/or 1600-1800 run, the collagen and lipid 
changes, or other constituent changes, may be monitored. In 
one embodiment, for breast cancer the decrease in lipid 
content, increase in collagen content, and possible shift in 
collagen peaks may be observed by performing broadband 
light spectroscopy and comparing normal regions to cancer­
ous regions as well as the absorption strength as a function 
of wavelength. The spectroscopy may be in transmission, 
reflection, diffuse reflection, diffuse optical tomography, or 
some combination. Also, this spectroscopy may be aug-
mented by fluorescence data, if particular tags or markers are 
added. Beyond looking at the absorbance, the data process­
ing may involve also observing the first, second, or higher 
order derivatives. 

Broadband spectroscopy is one example of the optical 
data that can be collected to study breast cancer and other 
types of cancer. However, other types of spectral analysis 
may also be performed to compare the collagen and lipid 
features between different wavelengths and different tissue 
regions (e.g., comparing normal regions to cancerous 
regions), and these methods also fall within the scope of this 
disclosure. For example, in one embodiment just a few 
discrete wavelengths may be monitored to see changes in 
lipid and collagen contents. In a particular embodiment, 
wavelengths near 1200 run may be monitored in the second 
derivative data of FIG. 76 to measure the cholesterol/lipid 
peak below 1200 run in 7601 versus the collagen peak above 
1200 run in 7602. In yet another embodiment, the absorption 
features in FIG. 73 may be relied upon to monitor the lipid 
content 7305 by measuring near 1200 run and the collagen 
content 7306 by measuring near 1300 run. Although these 
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embodiments use only two wavelengths, any number of 
wavelengths may be used and are intended to be covered by 
this disclosure. 

Thus, a breast cancer monitoring system, or a system to 
monitor different types of cancers, may comprise broadband 
light sources and detectors to permit spectroscopy in trans­
mission, reflection, diffuse optical tomography, or some 
combination. In one particular embodiment, high signal-to­
noise ratio may be achieved using a fiber-based super­
continuum light source (described further herein). Other 
light sources may also be used, including a plurality of laser 
diodes, super-luminescent laser diodes, or fiber lasers. 

Wavelength ranges that may be advantageous for cancer 
detection include the NIR and SWIR windows ( or some part 

80 
beam diameter of about 3 mm. The beam diameter was 
verified by blade measurements (i.e., translating a blade 
across the beam). Also, the time-averaged power was mea­
sured in the nearly collimated section after the lens using a 

5 large power meter. The chicken breast samples 7906 were 
mounted in a sample holder 7905, and the sampler holder 
7905 was mounted in tum on a translation stage 7904 with 
a linear motor that could move perpendicular to the incom­
ing laser beam. Although particular details of the experiment 

10 are described, other elements may be added or eliminated, 
and these alternate embodiments are also intended to be 
covered by this disclosure. 

of these windows) between about 1000-1400 nm and 1600- 15 

1800 nm. These longer wavelengths fall within local minima 

For these particular experiments, the measured depth of 
damage (in millimeters) versus the incident laser power (in 
Watts) is shown 8000 in FIG. 80. In this embodiment, laser 
diodes were used at wavelengths near 980 nm, 1210 nm and 

of water absorption, and the scattering loss decreases with 
increasing wavelength. Thus, these wavelength windows 
may permit relatively high penetration depths. Moreover, 
these wavelength ranges contain information on the over- 20 

tone and combination bands for various chemical bonds of 

1700 nm. The curve 8001 corresponds to about 980 nm, the 
curve 8002 corresponds to about 1210 nm, and the curve 
8003 corresponds to about 1700 nm. It may be noted that 
there is a threshold power, above which the damage depth 
increases relatively rapidly. For example, the threshold 

interest, such as hydrocarbons. 
These longer wavelength ranges may also permit moni­

toring levels and changes in levels of important cancer tissue 
constituents, such as lipids and collagen. Breast cancer 
tissue may be characterized by decreases in lipid content and 
increases in collagen content, possibly with a shift in the 
collagen peak wavelengths. The changes in collagen and 
lipids may also be augmented by monitoring the levels of 
oxy- and deoxy-hemoglobin and water, which are more 
traditionally monitored between 600-1000 nm. Other optical 
techniques may also be used, such as fluorescent micros­
copy. 

power for wavelengths around 980 nm may be about 8 W, 
the threshold power for wavelengths around 1210 nm may 
be 3 W, and the threshold power for wavelengths around 

25 1700 nm may be about 1 W. The threshold powers may be 
different at the different wavelengths because of the differ­
ence in water absorption (e.g., 7701 in FIG. 77). Part of the 
difference in threshold powers may also arise from the 
absorption of proteins such as collagen ( e.g., 7703 in FIG. 

30 77). After a certain power level, the damage depth appears 
to saturate: i.e., the slope flattens out as a function of 
increasing pump power. 

In one embodiment, if the penetration depth is defined as 
the depth where damage begins to approximately saturate, 
then for wavelengths of about 980 nm 8001 the penetration 
depth 8006 may be defined as approximately 4 mm, for 
wavelengths of about 1210 nm 8002 the penetration depth 
8005 may be defined as approximately 3 mm, and for 
wavelengths of about 1700 nm 8003 the penetration depth 

To permit higher signal-to-noise levels and higher pen­
etration depths, higher intensity or brightness of light 35 

sources may be used. With the higher intensities and bright­
ness, there may be a higher risk of pain or skin damage. At 
least some of these risks may be mitigated by using surface 
cooling and focused infrared light, as further described 
herein. 40 8004 may be defined as approximately 2 mm. These are only 

approximate values, and other values and criteria may be 
used to define the penetration depth. It may also be noted 
that the level of damage at the highest power points differs 
at the different wavelengths. For example, at the highest 

Laser Experiments: Penetration Depth, Focusing, Skin 
Cooling 

Some preliminary experiments show the feasibility of 
using focused infrared light for non-invasive procedures, or 
other procedures where relatively shallow vessels below the 
skin are to be thermally coagulated or occluded with mini­
mum damage to the skin upper layers. In one embodiment, 
the penetration depth and optically induced thermal damage 
has been studied in chicken breast samples. Chicken breast 
may be a reasonable optical model for smooth muscle tissue, 
comprising water, collagen and proteins. Commercially 
available chicken breast samples were kept in a warm bath 
(-32 degree Celsius) for about an hour, and then about half 
an hour at room temperature in preparation for the measure­
ments. 

An exemplary set-up 7900 for testing chicken breast 
samples using collimated light is illustrated in FIG. 79. The 
laser light 7901 near 980 nm, 1210 nm, or 1700 nm may be 
provided from one or more laser diodes or fiber lasers, as 
described further below. In this instance, laser diodes were 
used, which comprise a plurality of laser diode emitters that 
are combined using one or more multiplexers (particularly 
spatial multiplexers), and then the combined beam is 
coupled into a multi-mode fiber (typically 100 microns to 
400 microns in diameter). The output from the laser diode 
fiber was then collimated using one or more lenses 7902. 
The resulting beam 7903 was approximately round with a 

45 power point of 8003 near 1700 nm, much more damage is 
observed, showing evidence of even boiling and cavitation. 
This may be due to the higher absorption level near 1700 nm 
(e.g., 7701 in FIG. 77). On the other hand, at the highest 
power point 8001 near 980 nm, the damage is not as 

50 catastrophic, but the spot size appears larger. The larger spot 
size may be due to the increased scattering at the shorter 
wavelengths (e.g., 7701 in FIG. 77). Based on data 8000 
such as in FIG. 80, it may be possible to select the particular 
wavelength for the laser beam to be used in the non-invasive 

55 procedure. 
Even near wavelengths such as described in FIG. 80, the 

particular wavelength selected may be more specifically 
defined based on the target tissue of interest. In one particu­
lar embodiment, the vessel lumen may be modeled as water, 

60 and for this example assume that wavelengths in the vicinity 
of 980 nm are being selected to create thermal coagulation 
or occlusion. FIG. 81 shows the optical absorption or density 
as a function of wavelength 8100 between approximately 
700 nm and 1300 nm. Curves are shown for the water 

65 absorption 8101, hemoglobin Hb absorption 8102, and oxy­
genated hemoglobin HbO2 8103. In this example, two 
particular wavelengths are compared: 980 nm 8104 and 
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1075 nm 8105. For instance, 980nmmaybe generated using 
one or more laser diodes, while 1075 nm may be generated 
using an ytterbium-doped fiber laser. If maximizing the 
penetration depth is the significant problem, then 1075 nm 
8105 may be preferred, since it falls near a local minimum 5 

in water 8101, hemoglobin 8102, and oxygenated hemoglo-
bin 8103 absorption. On the other hand, if the penetration 
depth at 980 nm 8104 is adequate and the problem is to 
generate heat through water absorption, then 980 nm 8104 
may be a preferred wavelength for the light source because 10 

of the higher water absorption. This wavelength range is 
only meant to be exemplary, but other wavelength ranges 
and particular criteria for selecting the wavelength may be 
used and are intended to be covered by this disclosure. 

In another embodiment, focused infrared light has been 15 

used to preserve the top layer of a tissue while damaging 
nerves at a deeper level. For instance, FIG. 82 illustrates the 
set-up 8200 used for the focused infrared experiments. In 
this embodiment, a lens 8201 is used to focus the light. 
Although a single lens is shown, either multiple lenses, 20 

GRIN (gradient index) lenses, curved mirrors, or a combi­
nation of lenses and mirrors may be used. In this particular 
example, the tissue 8204 is placed between two microscope 
slides 8202 and 8203 for in vitro experiments. The tissue 
8204 is renal artery wall either from porcine or bovine 25 

animals (about 1.2 mm thick sample)-i.e., this is the artery 
leading to the kidneys, and it is the artery where typically 
renal denervation may be performed to treat hypertension. 
For this example, the minimum beam waist 8205 falls 
behind the tissue, and the intensity contrast from the front of 30 

the tissue ( closest to the lens) to the back of the tissue 
(furthest from the lens) is about 4: 1. These are particular 
ranges used for this experiment, but other values and loca­
tions of minimum beam waist may also be used and intended 

82 
8353. The renal nerves 8354 that fall within the damage 
region 8357 are also damaged (i.e., lighter colored). On the 
other hand, the renal nerves beyond this depth, such as 8355, 
may remain undamaged. 

Thus, by using focused infrared light near 1708 nm in this 
example, the top approximately 0.5 mm of the renal artery 
is spared from laser damage. It should be noted that when the 
same experiment is conducted with a collimated laser beam, 
the entire approximately 1.5 mm is damaged (i.e., including 
regions 8356 and 8357). Therefore, the cone oflight with the 
lower intensity at the top and the higher intensity toward the 
bottom may, in fact, help preserve the top layer from 
damage. There should be a Beer's Law attenuation of the 
light intensity as the light propagates into the tissue. For 
example, the light intensity should reduce exponentially at a 
rate determined by the absorption coefficient. In these 
experiments it appears that the focused light is able to 
overcome the Beer's law attenuation and still provide con-
trast in intensity between the front and back surfaces. 

In another embodiment, experiments have also been con­
ducted on dermatology samples with surface cooling, and 
surface cooling is shown to preserve the top layer of the skin 
during laser exposure. In this particular example, the experi­
mental set-up 8400 is illustrated in FIG. 84. The skin sample 
8404, or more generally sample under test, is placed in a 
sample holder 8403. The sample holder 8403 has a cooling 
side 8401 and a heating side 8402. The heating side 8402 
comprises a heater 8405, which may be adjusted to operate 
around 37 degrees Celsius-i.e., close to body temperature. 
The cooling side 8401 is coupled to an ice-water bath 8407 
(around 2 degrees Celsius) and a warm-water bath 8406 
(around 37 degrees Celsius) through a switching valve 8408. 
The entire sample holder 8403 is mounted on a linear motor 

to be covered by this disclosure. 
For a particular embodiment, histology of the renal artery 

is shown in FIG. 83A for no laser exposure 8300 and shown 

35 8409, so the sample can be moved perpendicular 8410 to the 
incoming light beam. 

in FIG. 83B with focused infrared laser exposure 8350. In 
this experiment, the beam diameter incident on the lens was 
about 4 mm, and the distance from the edge of the flat side 40 

oflens to the minimum beam waist was about 3.75 mm. The 
beam diameter on the front side of the renal artery (i.e., the 
endothelium side) was about 1.6 mm, and the beam diameter 

In this embodiment, the light is incident on the sample 
8404 through a sapphire window 8411. The sapphire mate­
rial 8411 is selected because it is transparent to the infrared 
wavelengths, while also being a good thermal conductor. 
Thus, the top layer of the sample 8404 may be cooled by 
being approximately in contact with the sapphire window 
8411. The laser light 8412 used is near 1708 nm from a 
cascaded Raman oscillator ( described in greater detail 

45 herein), and one or more collimating lenses 8413 are used to 
create a beam with a diameter 8414 of approximately 2 mm. 
This is one particular embodiment of the sample surface 
cooling arrangement, but other apparatuses and methods 

on the back side of the renal artery was about 0.8 mm. In 
FIG. 83A with no laser exposure, the layers of the artery wall 
may be identified: top layer of endothelium 8301 that is 
about 0.05 mm thick, the media comprising smooth muscle 
cells or tissue 8302 that is about 0.75 mm thick, and the 
adventitia 8303 comprising some of the renal nerves 8304 
that is about 1.1 mm thick. These are particular values for 50 

this experiment, and other layers and thicknesses may also 
be used and are intended to be covered by this disclosure. 

The histology with focused infrared light exposure 8350 
is illustrated in FIG. 83B. The laser light used is near 1708 

may be used and are intended to be covered by this disclo­
sure. 

nm from a cascaded Raman oscillator ( described in greater 55 

detail herein), and the power incident on the tissue is about 

Experimental results obtained using the set-up of FIG. 84 
are included in FIG. 18. In this example, FIG. 85 shows the 
MTT histochemistry of human skin 8500 treated with -1708 
nm laser (5 seconds pre-cool; 2 mm diameter spot exposure 
for 3 seconds) at 725 mW (A 8501, B 8502) corresponding 
to about 70 J/cm2 average fluence, and 830 mW (C 8503, D 

0.8 Wand the beam is scanned across the tissue at a rate of 
approximately 0.4 mm/sec. The various layers are still 
observable: the endothelium 8351, the media 8352, and the 
adventitia 8353. With this type of histology, the non-dam­
aged regions remain darker (similar to FIG. 83A), while the 
laser induced damaged regions turn lighter in color. In this 
example, the endothelium 8351 and top layer of the media 
8352 remain undamaged-i.e., the top approximately 0.5 
mm is the undamaged region 8356. The laser damaged 
region 8357 extends for about 1 mm, and it includes the 
bottom layer of the media 8352 and much of the adventitia 

8504) corresponding to about 80 J/cm2 average fluence. The 
images in FIG. 85 show that the application of a cold 
window was effective in protecting the epidermis 8505 

60 (darker top layer) and the top approximately 0.4 or 0.5 mm 
of the dermis 8506. As before, the darker regions of the 
histology correspond to undamaged regions, while the 
lighter regions correspond to damaged regions. In contrast, 
when no surface cooling is applied, then thermal damage to 

65 the dermis occurs in the epidermis and dermis where the 
laser exposure occurs, and the thermal damage extends to 
about 1.3 or 1.4 mm or more from the skin surface. Thus, 
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surface cooling applied to the skin may help to reduce or 
eliminate damage to the top layer of the skin under laser 
exposure. 

In summary, experiments verify that infrared light, such 
as near 980 nm, 1210 nm, or 1700 nm, may achieve 
penetration depths between approximately 2 mm to 4 mm or 
more. The top layer of skin or tissue may be spared damage 
under laser exposure by focusing the light beyond the top 
layer, applying surface cooling, or some combination of the 
two. These are particular experimental results, but other 
wavelengths, methods and apparatuses may be used for 
achieving the penetration and minimizing damage to the top 
layer and are intended to be covered by this disclosure. In an 
alternate embodiment, it may be beneficial to use wave­
lengths near 1310 nm if the absorption from skin constitu­
ents (FIG. 77), such as collagen 7703, adipose 7702 and 
elastin 7704, are to be minimized. The water absorption 
7701 near 1310 nm may still permit a penetration depth of 
approximately 1 cm, or perhaps less. In yet another embodi­
ment, wavelengths near 1210 nm may be beneficial, if 
penetration depths on the order of 3 mm are adequate and 
less scattering loss (e.g. 7701 in FIG. 77) is desired. Any of 
FIG. 68, 73, 75, 77, or 78 may be used to select these or other 
wavelengths to achieve the desired penetration depth and to 
also perhaps target particular tissue of interest, and these 
alternate embodiments are also intended to be covered by 
this disclosure. 
Laser Systems for Therapeutics or Diagnostics 

Infrared light sources can be used for diagnostics and 
therapeutics in a number of medical applications. For 
example, broadband light sources can advantageously be 
used for diagnostics, while narrower band light sources can 
advantageously be used for therapeutics. In one embodi­
ment, selective absorption or damage can be achieved by 
choosing the laser wavelength to lie approximately at an 
absorption peak of particular tissue types. Also, by using 
infrared wavelengths that minimize water absorption peaks 
and longer wavelengths that have lower tissue scattering, 
larger penetration depths into the biological tissue can be 
obtained. In this disclosure, infrared wavelengths include 
wavelengths in the range of approximately 0.9 microns to 10 
microns, with wavelengths between about 0.98 microns and 
2.5 microns more suitable for certain applications. 

As used throughout this document, the term "couple" and 
or "coupled" refers to any direct or indirect communication 
between two or more elements, whether or not those ele­
ments are physically connected to one another. In this 
disclosure, the term "damage" refers to affecting a tissue or 
sample so as to render the tissue or sample inoperable. For 
instance, if a particular tissue normally emits certain signal­
ing chemicals, then by "damaging" the tissue is meant that 
the tissue reduces or no longer emits that certain signaling 
chemical. The term "damage" and or "damaged" may 
include ablation, melting, charring, killing, or simply inca­
pacitating the chemical emissions from the particular tissue 
or sample. In one embodiment, histology or histochemical 
analysis may be used to determine whether a tissue or 
sample has been damaged. 
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mean that the wavelength dependence of the transmission, 
absorption or reflectivity is compared between different 
spatial locations on a tissue or sample. As an illustration, the 
"spectroscopy" may be performed by varying the wave-

5 length of the light source, or by using a broadband light 
source and analyzing the signal using a spectrometer, 
wavemeter, or optical spectrum analyzer. 

As used throughout this document, the term "fiber laser" 
refers to a laser or oscillator that has as an output light or an 

10 optical beam, wherein at least a part of the laser comprises 
an optical fiber. For instance, the fiber in the "fiber laser" 
may comprise one of or a combination of a single mode 
fiber, a multi-mode fiber, a mid-infrared fiber, a photonic 

15 crystal fiber, a doped fiber, a gain fiber, or, more generally, 
an approximately cylindrically shaped waveguide or light­
pipe. In one embodiment, the gain fiber may be doped with 
rare earth material, such as ytterbium, erbium, and/or thu­
lium. In another embodiment, the infrared fiber may com-

20 prise one or a combination of fluoride fiber, ZBLAN fiber, 
chalcogenide fiber, tellurite fiber, or germanium doped fiber. 
In yet another embodiment, the single mode fiber may 
include standard single-mode fiber, dispersion shifted fiber, 
non-zero dispersion shifted fiber, high-nonlinearity fiber, 

25 and small core size fibers. 
As used throughout this disclosure, the term "pump laser" 

refers to a laser or oscillator that has as an output light or an 
optical beam, wherein the output light or optical beam may 
be coupled to a gain medium to excite the gain medium, 

30 which in turn may amplify another input optical signal or 
beam. In one particular example, the gain medium may be 
a doped fiber, such as a fiber doped with ytterbium, erbium, 
and/or thulium. In another embodiment, the gain medium 
may be a fused silica fiber or a fiber with a Raman effect 

35 from the glass. In one embodiment, the "pump laser" may be 
a fiber laser, a solid state laser, a laser involving a nonlinear 
crystal, an optical parametric oscillator, a semiconductor 
laser, or a plurality of semiconductor lasers that may be 
multiplexed together. In another embodiment, the "pump 

40 laser" may be coupled to the gain medium by using a fiber 
coupler, a dichroic mirror, a multiplexer, a wavelength 
division multiplexer, a grating, or a fused fiber coupler. 

As used throughout this document, the term "super­
continuum" and/or "supercontinuum" and/or "SC" refers to 

45 a broadband light beam or output that comprises a plurality 
of wavelengths. In a particular example, the plurality of 
wavelengths may be adjacent to one-another, so that the 
spectrum of the light beam or output appears as a continuous 
band when measured with a spectrometer. In one embodi-

50 ment, the broadband light beam may have a bandwidth of at 
least 10 nm. In another embodiment, the "super-continuum" 
may be generated through nonlinear optical interactions in a 
medium, such as an optical fiber or nonlinear crystal. For 
example, the "super-continuum" may be generated through 

55 one or a combination of nonlinear activities such as four-
wave mixing, the Raman effect, modulational instability, 
and self-phase modulation. 

As used throughout this disclosure, the term "spectros­
copy" means that a tissue or sample is inspected by com- 60 

paring different features, such as wavelength ( or frequency), 
spatial location, transmission, absorption, reflectivity, scat­
tering, refractive index, or opacity. In one embodiment, 
"spectroscopy" may mean that the wavelength of the light 
source is varied, and the transmission, absorption or reflec- 65 

tivity of the tissue or sample is measured as a function of 
wavelength. In another embodiment, "spectroscopy" may 

As used throughout this disclosure, the terms "optical 
light" and/or "optical beam" and or "light beam" refer to 
photons or light transmitted to a particular location in space. 
The "optical light" and or "optical beam" and/or "light 
beam" may be modulated or unmodulated, which also 
means that they may or may not contain information. In one 
embodiment, the "optical light" and/or "optical beam" and/ 
or "light beam" may originate from a fiber, a fiber laser, a 
laser, a light emitting diode, a lamp, a pump laser, or a light 
source. 
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As used throughout this document, the terms "near" or 
"about" or the symbol"-" refer to one or more wavelengths 
of light with wavelengths around the stated wavelength to 
accomplish the function described. For example, "near 1720 
nm" may include wavelengths of between about 1680 nm 5 

and 17 60 nm. In one embodiment, the term "near 1 720 nm" 
refers to one or more wavelengths oflight with a wavelength 
value anywhere between approximately 1700 nm and 1740 
nm. Similarly, as used throughout this document, the term 
"near 1210 nm" refers to one or wavelengths of light with a 10 

wavelength value anywhere between approximately 1170 
nm and 1250 nm. In one embodiment, the term "near 1210 
nm" refers to one or more wavelengths of light with a 
wavelength value anywhere between approximately 1190 
nm and 1230 nm. 

While exemplary embodiments are described above, it is 
15 

86 
the wearable device configured to increase the signal-to­

noise ratio by increasing light intensity of at least one 
of the plurality of light emitting diodes from an initial 
light intensity; and 

the detection system further configured to: 
generate a first signal responsive to light received while 

the light emitting diodes are off, 
generate a second signal responsive to light received 

while at least one of the light emitting diodes is on, 
and 

increase the signal-to-noise ratio by comparing the first 
signal and the second signal; and 

wherein the wearable device is at least in part configured 
to identify an object. 

2. The optical system of claim 1, wherein the plurality of 
light emitting diodes comprises six light emitting diodes, 
and wherein the detection system comprises the plurality of 
detectors arranged along an arc. 

3. The optical system of claim 2, wherein the optical 
system is configured to use artificial intelligence in making 
decisions associated with at least a portion of the output 
signal. 

not intended that these embodiments describe all possible 
forms of the disclosure. Rather, the words used in the 
specification are words of description rather than limitation, 
and it is understood that various changes may be made 20 

without departing from the spirit and scope of the disclosure. 
Additionally, the features of various implementing embodi­
ments may be combined to form further embodiments of the 
disclosure. While various embodiments may have been 
described as providing advantages or being preferred over 
other embodiments with respect to one or more desired 
characteristics, as one skilled in the art is aware, one or more 
characteristics may be compromised to achieve desired 
system attributes, which depend on the specific application 
and implementation. These attributes include, but are not 
limited to: cost, strength, durability, life cycle cost, market­
ability, appearance, packaging, size, serviceability, weight, 
manufacturability, ease of assembly, etc. The embodiments 
described herein that are described as less desirable than 

4. The optical system of claim 3, wherein the optical 
25 system is further configured to combine at least a part of the 

output signal with data from other non-invasive devices or 
biosensors adapted to be placed on the user. 

5. The optical system of claim 4, wherein the optical 
system is further configured to communicate with a smart 

30 phone or a tablet, the smart phone or the tablet comprising 
a wireless receiver, a wireless transmitter, a display, a 
speaker, a voice input module, one or more buttons or knobs, 
a microprocessor and a touch screen. 

other embodiments or prior art implementations with respect 35 

to one or more characteristics are not outside the scope of the 
disclosure and may be desirable for particular applications. 

What is claimed is: 
1. An optical system, comprising: 
a wearable device for measuring one or more physiologi- 40 

cal parameters, the wearable device adapted to be 
placed on a wrist or a hand dorsal of a user, wherein the 
measuring of the one or more physiological parameters 
is configured to change in response to stretching of a 
hand, movement of fingers or a thumb of the user; 

the wearable device including a light source comprising a 
plurality of light emitting diodes that are configured to 
generate an output optical light having one or more 
optical wavelengths; 

45 

the wearable device comprising one or more lenses con- 50 

figured to receive at least a portion of the output optical 
light and to deliver a lens output light to tissue com­
prising skin; 

the wearable device further comprising a detection system 
configured to receive at least a portion of the lens 55 

output light reflected from the tissue and to generate an 
output signal having a signal-to-noise ratio, wherein the 
detection system is configured to be synchronized to 
the light source; 

wherein the detection system comprises a plurality of 60 

detectors that are spatially separated from each other, 
and wherein at least one analog to digital converter is 
coupled to at least one of the plurality of detectors; 

wherein the output signal is indicative of the one or more 
physiological parameters that change in response to the 65 

stretching of the hand or movement of the fingers or the 
thumb of the user; 

6. The optical system of claim 5, the wearable device 
further configured to be coupled to an imaging system for 
remote sensing of the user, the imaging system comprising: 

a laser diode configured to be pulsed and to generate laser 
light having a laser wavelength, wherein the laser 
wavelength is a near-infrared wavelength between 700 
nanometers and 2500 nanometers, and wherein the 
laser diode comprises one or more Bragg reflectors; 

a beam splitter configured to receive at least part of the 
received laser light from the laser diode and to split the 
received laser light into a sample arm light and a 
reference arm light, at least a portion of the sample arm 
light configured to be directed to the user; 

the imaging system further comprising a second plurality 
of detectors; and 

at least one of the second plurality of detectors configured 
to receive at least a portion of the reference arm light 
and configured to generate a reference detector output, 
and at least another of the second plurality of detectors 
configured to receive from the user at least a portion of 
reflected sample arm light and configured to generate a 
sample detector output; and 

wherein the imaging system is configured to measure 
time-of-flight based at least in part on the sample 
detector output. 

7. An optical system, comprising: 
a wearable device for measuring one or more physiologi­

cal parameters, the wearable device adapted to be 
placed on a wrist of a user; 

the wearable device including a light source comprising a 
plurality of semiconductor diodes that are configured to 
generate an output optical light having one or more 
optical wavelengths, wherein at least a portion of the 
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one or more optical wavelengths is a near-infrared 
wavelength between 700 nanometers and 2500 nano­
meters; 

the wearable device comprising one or more lenses con­
figured to receive at least a portion of the output optical 5 

light and to deliver a lens output light to tissue com­
prising skin; 

the wearable device further comprising a detection system 
configured to receive at least a portion of the lens 
output light reflected from the tissue and to generate an 10 

output signal having a signal-to-noise ratio, wherein the 
detection system is configured to be synchronized to 
the light source; 

wherein the detection system comprises a plurality of 
detectors that are spatially separated from each other, 15 

and wherein at least one analog to digital converter is 
coupled to at least one of the plurality of detectors· 

wherein the output signal is indicative of the one or m~re 
of the physiological parameters; 

the wearable device configured to increase the signal-to- 20 

noise ratio by increasing light intensity of at least one 
of the plurality of semiconductor diodes from an initial 
light intensity; and 

the detection system further configured to: 
generate a first signal responsive to light received while 25 

the semiconductor diodes are off, 
generate a second signal responsive to light received 

while at least one of the semiconductor diodes is on 
and ' 

inc~ease the signal-to-noise ratio by comparing the first 30 

signal and the second signal; and 
wherein the wearable device is at least in part configured 

to identify an object. 
8._ The optical system of claim 7, wherein the plurality of 

semiconductor diodes comprises a plurality of near-infrared 35 

laser diodes. 
9. The optical system of claim 8, wherein the one or more 

physiological parameters comprises measurement of a blood 
constituent or a blood flow. 

10. The optical system of claim 9, wherein the blood 40 

constituent comprises at least in part glucose or HbAlC. 
11. T_he optical system of claim 10, wherein the optical 

system 1s configured to perform optical spectroscopy applied 
to fluids within the skin. 

88 
16. A remote sensing system comprising: 
an array of laser diodes to generate light having one or 

more optical wavelengths that includes at least one 
near-infrared wavelength between 600 nanometers and 
1000 ~anometers, at least one laser diode of the array 
compnses one or more Bragg reflectors; 

at least one of the laser diodes pulse at a modulation 
frequency between 10 Megahertz and 1 Gigahertz and 
to have a phase associated with the modulation fre­
quency; 

wherein at least a portion of the light generated by the 
array of laser diodes is configured to be directed to an 
object; and 

a detection system comprising at least one photo-detector, 
a lens and a spectral filter at an input to the at least one 
photo-detector, and a processor processing digitized 
signals received from the at least one photo-detector 
th~ detection system configured to (i) measure a phas~ 
shift o~ at least a portion of the light from the array of 
laser d10des reflected from the object relative to the at 
least a portion of the light generated by the array of 
l~_ser diodes is configured to be directed to the object, 
(11) measure time-of-flight of the at least a portion of the 
light from the array of laser diodes reflected from the 
object relative to the at least a portion of the light 
generated by the array of laser diodes is configured to 
be directed to the object, and (iii) generate one or more 
images of the object based at least in part on an 
amplitude of the at least a portion of the light from the 
array of laser diodes reflected from the object; 

wherein the detection system is configured to synchronize 
to pulsing of the at least one of the laser diodes and 
wherein the processor is configured to gener~te a 
time-of-flight measurement; and 

a camera system coupled to a lens system and the pro­
cessor, the camera system configured to capture a 
sec~nd image including at least a part of the object; 

wherem the remote sensing system including the proces­
sor is configured to combine at least a portion of the 
second image and at least a portion of the time-of-flight 
measurement to create a combined portion; and 

wherein the remote sensing system including the proces­
sor is configured to communicate with a wearable 
device, a smart phone or a tablet that is further con­
figured to process or display some of the combined 
portion. 

12. The optical system of claim 11, wherein the one or 45 

more optical wavelengths comprise wavelengths corre­
sponding to one or more peaks in a glucose absorption 
spectrum near 1587 nanometers, 17 50 nanometers 2120 
nanometers, 2270 nanometers, or 2320 nanometers. ' 

17. The remote sensing system of claim 16, wherein the 
detection system is further configured to use a lock-in 
technique, and wherein the lock-in technique comprises 

50 narrow band filtering around the modulation frequency. 13. The optical system of claim 12, wherein the wearable 
device is further configured to communicate with a smart 
pho~e or a table!, the smart phone or the tablet comprising 
a Wifeless receiver, a wireless transmitter, a display, a 
speaker, a voice input module, one or more buttons or knobs 
a microprocessor, and a touch screen. ' 

14. The optical system of claim 13, wherein at least some 
of the plurality of semiconductor diodes are configured to be 
modulated with a modulation frequency, and the detection 
system is configured to use a lock-in technique comprising 
narrow band filtering around the modulation frequency or 
comprising phase locking to the modulation frequency. 

15. The optical system of claim 13, wherein measuring the 
one or more physiological parameters comprises a differen­
tial measurement configured to reduce interference from the 
skin. 

18. The remote sensing system of claim 17, wherein the 
lock-in technique further comprises phase locking of a first 
signal associated with the at least a portion of the light from 
the array of laser diodes reflected from the object relative to 

55 a second signal associated with the at least a portion of the 
light generated by the array configured to be directed to the 
object. 

19. The remote sensing system of claim 17, wherein at 
least some of the laser diodes in the array of laser diodes 

60 operate at a wavelength near 940 nanometers. 
20. The remote sensing system of claim 19, wherein the 

remote sensing system including the processor is further 
configured to use artificial intelligence in making decisions 
associated with the combined portion. 

* * * * * 
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