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Several recent reports claim success in measuring blood 
glucose non-invasively in human subjects with near-infrared 
spectroscopy. A critical examination of these published results 
suggests more fundamental research is needed to verify 
the validity of these claims. In addition, progress continues 
in assessing the utility of near-infrared spectroscopy as a 
non-invasive probe for continuous bioreactor monitoring 
during fermentation processes. Recent work demonstrates 
that five critical fermentation components, including glucose, 
may be measured simultaneously. 
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Abbreviations 
ANN artificial neural network 
PLS partial least squares 

I n t r o d u c t i o n  
Non-invasive blood glucose sensing is a technique for 
measuring in vivo blood glucose concentrations without 
collecting a blood sample. Near-infrared spectroscopy 
has been proposed as a means for accomplishing such 
a measurement. The  concept is to pass a band of 
near-infrared radiation through a vascular region of the 
body and then to extract the corresponding blood glucose 
concentration from the resulting spectral information. A 
major challenge is to collect spectral information with 
sufficiently high signal-to-noise ratios to discriminate weak 
glucose absorbances from the underlying spectral noise. 
In addition, sophisticated data-processing algorithms are 
required to selectively extract the glucose-dependent 
information in the presence of dominating signals from 
other more concentrated matrix components and from 
concomitant spectral variations. 

Successful development of a non-invasive blood glucose 
monitor would represent a major advancement in the 
treatment and management of diabetes mellitus. Tight 
glycemic control is clearly needed to reduce the major 
complications of hyperglycemia [1] and frequent glucose 
monitoring is required before appropriate insulin levels 
can be administered to achieve a desired level of glycemia. 
The pain, messiness, and inconvenience associated with 
contemporary home glucose-monitoring technology are 
the major barriers to tight control of blood glucose; these 
would effectively be avoided by a reliable non-invasive 
blood glucose monitor. 

The  enormous potential healthcare benefits of non- 
invasive glucose sensing have stimulated considerable 
research and development efforts in this field of study. 
Unfortunately, the tremendous financial market for such 
a device has created an atmosphere of secrecy, particularly 
within the industrial setting. The  proprietary nature of 
the work has resulted in limited amounts of published 
peer-reviewed information in the scientific literature. 
Many of the claims stated in the mass media and published 
in the patent literature are simply not supported by sound 
scientific data. 

In this review, the feasibility and potential of non-invasive 
glucose monitoring are considered for clinical blood 
glucose measurements and bioreactor monitoring. In 
addition, published accounts of non-invasive blood glucose 
experiments are critically evaluated and the validity of 
their results are questioned. Evidently, more fundamental 
experiments are needed to characterize the influence 
of chemical and physical parameters on non-invasive 
approaches and to identify the instrumentation and com- 
putation specifications required for reliable and accurate 
measurements. Similar arguments apply to the future 
development of near-infrared chemical sensing technology 
for bioreactor monitoring. 

N o n - i n v a s i v e  g l u c o s e  m o n i t o r i n g  in m e d i c i n e  
It is important to realize that no one has yet proven the 
analytical feasibility of measuring in vivo glucose levels 
by the non-invasive spectroscopic experiment described 
above. For the most part, the supporting documen- 
tation provided with claims in the patent literature 
[P1,P2°,P3,P4°,P5°,P6-P9] is severely lacking in terms 
of scientific rigor. Few relevant spectra are provided, 
no attempts are made to correlate spectral information 
with the spectroscopic properties of the glucose molecule, 
and essentially no effort is made to accurately predict 
in vivo glucose concentrations from independent sample 
measurements. Typically, judgements of measurement 
accuracy are completely omitted. 

Perhaps the best documented attempts of non-invasive 
measurements have been presented in publications from 
research groups headed by Haaland [2] and Heise [3°,4,5]. 
Haaland and co-workers [2] published a preliminary 
evaluation of non-invasive glucose monitoring in which 
near-infrared spectra were collected across the finger- 
tips of human volunteers during a meal-tolerance test. 
A total of 41 samples were collected, glucose values 
varying from 2.7mM to 27.7mM. The  corresponding 
near-infrared spectra were collected over 875-1300nm 
and an l 1-factor partial least squares (PLS) calibration 
model was computed. Cross-validation analysis indicated 
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an average absolute error of 1.1 mM for glucose. Similar 
results have been reported recently by Jagemann etal. [6"] 
with measurements collected across finger tips over the 
900-1200nm spectral range. In this later work, artificial 
neural networks (ANNs) were judged superior to PLS 
regression in extracting the information on glucose. 

Likewise, Heise and co-workers [3",4,5] used cross-valida- 
tion techniques to generate three distinct models based 
on diffuse reflectance near-infrared spectra collected from 
mucous lip tissue. The  first model was based on 133 
spectra collected over 2 days from a single human subject. 
The  second model consisted of 219 spectra collected over 
2 weeks from an individual subject and the third model 
used spectra collected from 133 different individuals. In 
all cases, spectra covered a spectral range from 9000cm -1 
to 5450 cm-I and 20-factor PLS models provided the best 
analytical performance. The  computed standard error of 
prediction values were 2.6mM, 3.0mM, and 3.1 mM for 
the first, second and third models, respectively. 

None of the above described experiments provides proof 
that what it is measuring is related to actual glucose con- 
centration. The  researchers cannot distinguish between 
direct detection of glucose and chance correlations within 
the data set. PLS and ANN are powerful techniques 
for correlating extremely small spectral variations with 
analyte concentration. Unfortunately, it is very easy to 
overmodel a system or, even worse, to build models on the 
basis of some other experimental variable that happens to 
correlate with variations in analyte concentration. Time is 
a particularly critical parameter in this regard. In the above 
experiments, the glucose level varies with time as spectra 
are collected. Many different experimental parameters are 
likely to change with time that may alter, albeit ever 
so slightly, magnitudes of the near-infrared signals. A 
common example is slight variations in room temperature, 
which can affect spectra by altering the absorption 
characteristics of water within the sample. Changes in 
room temperature may also alter instrument performance 
by changing alignment, detector response, or radiant 
power from the light source. The human-to-spectrometer 
interface is another experimental variable, fluctuations 
of which can significantly alter the spectral information. 
As the experiment continues, tissue at the location of 
the measurement may be altered slightly either by the 
pressure of the interface holding the tissue or by minute 
temperature changes caused from frequent handling. 
These  physical changes might alter vascularity at the 
measurement sight and, therefore, create non-glucose 
specific spectral variations within the data set. 

The  major point is that tiny variations of any number 
of critical experimental parameters can create a combi- 
nation of spectral variations that correlate with glucose 
concentration. The  PLS and ANN algorithms will 'lock-in' 
on such correlations and provide reasonable predictions, 
particularly from the 'leave-one-out' type cross-validation 

method used in the above experiments. It is possible to 
get models with prediction errors of the order of those 
specified in the work of Haaland's group [2], Heise's group 
[3",4,5], or Jagemann's group [6 °] by randomly mixing 
glucose concentrations with respect to individual spectra. 
Statistical analysis of calibration performance is insufficient 
to prove that non-invasive calibration models are based 
on glucose-specific information. The  analytical and clinical 
chemistry communities demand more direct evidence 
before being convinced that near-infrared methods are 
capable of providing reliable and accurate measurements 
of in situ physiological glucose levels. 

Additional proof can be obtained by analyzing spectral 
loadings to confirm that chemical information is actually 
being incorporated into the calibration model. The  spec- 
tral range that provides the best models must correspond 
to absorption bands known to be associated with either 
glucose or a major source of interference. In addition, 
the large number of model factors needed to provide 
optimum prediction capabilities must be justified. In 
the work by Heise et al. [3°], 20 factors are needed 
for optimum prediction of results. This large number 
of factors seems excessive and invokes skepticism in 
most analytical chemists that the results come from an 
overdetermined non-functional calibration model. 

Issues of spectral range, number of factors, and structure 
of spectral loadings can best be established from funda- 
mental experiments based on sample matrices of known 
composition. For example, the influence of protein ([7]; 
S Pan, H Chung, MA Arnold, GW Small, unpublished 
data) or temperature [8"'1 can be determined by designing 
experiments where such variables are examined in a con- 
trolled and systematic manner. Only through experiments 
of this nature will we be able to establish credible, or 
expected, values for important experimental parameters. 
For example, fundamental experiments are needed to 
establish quantitatively the relationship between number 
of model factors and critical experimental variables such 
as temperature, number of interferences, and magnitude 
of concentration variation of interfering species. Only 
after this relationship is firmly established can a 20-factor 
PLS model be accepted or rejected. Similar arguments 
can be made for other key parameters such as spectral 
range, spectral loadings, optical path length, and spectral 
resolution. 

Most efforts to establish the utility of near-infrared 
spectroscopy for clinical measurements have centered 
on statistical analysis of calibration models correspond- 
ing to measurements of glucose in matrices as simple 
as phosphate buffer or as complex as whole blood 
([7,8"°,9-15,16°]; S Pan, H Chung, MA Arnold, GW 
Small, unpublished data). When combined, these studies 
strongly suggest that near-infrared spectroscopic analysis 
can extract glucose information from complex biological 
matrices. More effort must now be placed on character- 
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izing the fundamental nature of such measurements in 
order to rigorously extend the technique to non-invasive 
measurements. Without a solid foundation of fundamental 
knowledge, non-invasive near-infrared measurements will 
never be accepted. 

As near-infrared spectroscopy continues to be developed 
for blood glucose measurements, it is critical to assess 
model accuracy and precision on the basis of clinically 
acceptable criteria. Clarke et al. [17] have proposed an 
error grid analysis for the purpose of evaluating any 
method of blood glucose analysis. The  Clarke error grid 
is constructed by plotting blood glucose values from the 
measurement device relative to the actual blood glucose 
concentration. A grid of five regions (labeled A, B, C, 
D, and E) is superimposed on this scatter plot. These 
regions correspond to different levels of correctness of 
clinical decisions based on the analytical measurement. 
Measurements in the 'A' region are ideal and correspond to 
the proper clinical action being taken, given the measured 
value. Analogously, the 'E '  region corresponds to the 
worst-case scenario, where the clinical action indicated 
by the measured value is exactly opposite that required 
from a physiological standpoint. The  Clarke error grid is 
a standard method for judging measurement performance 
and a maximum standard error of 0.8 mM is allowed for a 
method to be classified in the 'A' range. 

Much of the research reported for non-invasive blood 
glucose monitoring has direct implications in bioreactor 
monitoring applications. Issues pertaining to sample 
temperature [8'~], for example, are the same, regardless 
of the application. In addition to measuring glucose, 
this near-infrared approach has the potential to measure 
many components within these reactors. In this regard, 
the simultaneous measurement of glucose and glutamine 
[18], as well as glutamine and asparagine [19], has 
been demonstrated recently. Furthermore, we [22 ° ] have 
recently used a single near-infrared spectrum to obtain 
concentrations of glucose, glutamine, ammonia-nitrogen, 
lactate and glutamate when in a mixture. 

Conclusions 
The  development of near-infrared spectroscopy for clini- 
cal and biotechnological applications is just beginning. 
Further advances in instrumentation and computer-based 
data analysis algorithms will enhance current analytical 
capabilities and propel the progress of this exciting tech- 
nology of non-invasive analysis to practical applications. 
Once realized, dedicated spectrometers will be designed 
to control and optimize the systems of interest (i.e. the 
human body and/or bioreactors) on the basis of continuous 
in situ glucose concentrations. These advances will be 
based on sound fundamental investigations aimed at 
understanding near-infrared spectrometric measurements 
from a basic chemistry standpoint. 

Non-invasive glucose monitoring for 
bioreactors 
Another area where non-invasive near-infrared spectro- 
scopic sensing of glucose is beginning to make an impact 
is bioreactor monitoring ([18-21,22°]; M He, D Lorr, NS 
Wang, abstract #116b, American Institute for Chemical 
Engineers National Meeting, St Louis, Missouri, USA, 
November l l th,  1993). The concept is essentially the 
same as for clinical measurements. Here, the near-in- 
frared spectrum is collected non-invasively during the 
fermentation process and the corresponding concentration 
of glucose in the growth medium is determined. It 
is envisioned that spectra can be collected through a 
fiber-optic probe directed toward an optical window in the 
reactor. Diffuse reflectance spectra can be collected, from 
which analyte information is obtained. 

Over the years, many workers have attempted to use 
biosensors to measure critical medium components such 
as glucose, lactate and glutamine. Biosensors are elec- 
trochemical devices with enzymes immobilized at the 
surface of the electrochemical transducer. In general, these 
attempts have failed because of limited enzyme stability, 
poor transducer reliability within the demanding environ- 
ment of the reactor, and complications associated with 
sterilization. Conceptually, a non-invasive monitor with 
near-infrared spectroscopy can eliminate these classical 
problems with biosensor technology. 
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