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Abstract—The authors present the first in vivo measurements
of L-Glucose and D-Glucose concentrations using millimeter
waves. Employing direct injection of solutions into the rat jugular
vein, we have been able to correlate immediate changes in blood
glucose readings with transmission loss through the ears of
anesthetized rats at Ka band (27-40 GHz). The sensed changing D-
glucose levels are shown to track blood values, but with a delay of
approximately 10-15 minutes, which may be due to cellular glucose
uptake. Surprisingly, levels of L-glucose, the non-bioactive
enantiomer (L-isomer) are also tracked by millimeter-wave
transmission through the ear, suggesting that we are looking at the
direct chemical presence of glucose or products of its breakdown
in the tissue, rather than metabolism. Both isomers of glucose are
gradually removed from the bloodstream after injection of insulin,
consistent with the observed changes in the millimeter-wave
absorption. These results represent a major step towards the
realization of a non-invasive glucose monitor based on millimeter-
wave transceivers.

I. INTRODUCTION

N ON-INVASIVE glucose monitoring has been an elusive
goal for both researchers and medical device companies

for many years [1], [2]. Several groups, e.g. [3]-[10], have
demonstrated that glucose levels in extracted blood samples can
be correlated with measurable changes in the millimeter-wave
dielectric constant (real and imaginary parts). Our group
showed, for the first time, that these changes can be monitored
in vivo, using a simple Ka band (27-40 GHz) transceiver [11],
[12]. In those measurements, changes in the millimeter-wave
transmission through the ear of anesthetized rats closely tracked
changes of glucose in the blood, which were experimentally
manipulated by subcutaneous injections of glucose and insulin.
Here we present the first in vivo millimeter-wave
measurements of both D-glucose and L-glucose, and correlate
changes in radio frequency (RF) transmission through the tissue
(ear of anesthetized rat) with blood glucose values after direct
infusion of these solutions into the bloodstream. Evaluation of
L-glucose is important because it is the non-bioactive isomer of
D-glucose, and its detection in the tissue by millimeter-waves
is a strong indication that the millimeter-wave transceiver is
sensitive to the glucose (or products of its breakdown in tissue),
rather than a general metabolic process activated by D-glucose.

II. METHODS

All studies were done with IACUC approval. After induction
of anesthesia, both jugular veins of Sprague-Dawley rats
(Charles River Laboratories, Hollister, CA, USA) were
cannulated: left for infusion and right for blood sampling (Fig.
1). A Ka band waveguide transceiver (Fig. 2, described in [11])
was magnetically clamped around the ear with spacers to
protect tissue from crush injury (waveguide gap=~1mm). After

approximately one hour, during which the RF transmission
decreased rapidly and then plateaued, D-glucose (50% by
weight, Teknova G9005, Hollister, CA, USA) and L-glucose
(Alfa Aesar A17496, Ward Hill, MA, USA) were slowly
infused intravenously using a syringe pump (Harvard
Apparatus, Holliston, MA, USA). The RF transmission through
the ear was continuously monitored at 14 discrete frequencies
between 27 and 40 GHz with a 2 second dwell time at each step,
repeating the cycle every 30 seconds. After glucose infusions,
insulin was injected to induce a hypoglycemic state. Blood was
collected at regular intervals (approximately 0.1ml) and glucose
levels were measured with an Alpha Trak II pet glucose test
strip calibrated for use in cats [13].

III. RESULTS

Fig. 3. shows a full experimental run with millimeter-wave
transmission vs. time at the 14 frequencies. Typical glucose
levels in awake female and male rats (weights 260-320 gm) are
expected to range from 85-130 mg/dl [14]. Note that following
anesthetic administration at time=0 via an intra-peritoneal
injection (ketamine (90 mg/kg) and xylazine (10 mg/kg)), there
is a dramatic drop in RF signal level (detector voltage) with an
eventual leveling off at around 30 minutes, when the first Alpha
Trak Il reading is taken. This rapid initial drop in the transmitted
RF signal level was not observed in our earlier measurements
[11], where isoflurane gas was employed as the anesthetic. Also
note that the blood glucose reading before the start of the direct
glucose infusion is much higher than the expected normal level
(reaching 250-260 mg/dl at time=30 to 40 minutes). There is at
least one report of significantly elevated glucose levels in rats
(75-100% increase) after injection of a ketamine/xylazine
anesthetic [15]. This finding was consistent across 6 animals.

Fig. 4, from another experiment, highlights the correlation of
blood glucose levels with millimeter-wave transmission at a
single frequency with a highly zoomed scale (all frequencies
showed similar behavior). As also reported in [11] and [12],
increasing glucose levels correlate with decreasing RF loss
(higher transmission) in the tissue.

Figs. 3 and 4 both show tracking of glucose levels by the
millimeter-wave signal change, but lagging the direct blood
readings by about 10-15 minutes. This effect was not noticed in
[11] because of the delay between the subcutaneous injections
of glucose, and the later appearance of elevated glucose in the
blood and tissue. Here we see an immediate rise in blood
glucose after intravenous administration on the contralateral
side, compared to a delay in the RF measured rise in the ear
tissue. This suggests that the RF measurements reflect the
glucose levels in the tissue rather than in the blood vessels of
the ear.
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In an attempt to determine whether our RF system is directly
measuring the concentration of glucose, or products of its
breakdown in tissue, rather than a metabolic process activated
by D-glucose, we substituted D-glucose with the non-bioactive
enantiomer, L-glucose. The Alpha Trak II blood glucose strips
are equally sensitive to both forms of glucose [13].
Interestingly, the millimeter-wave measurements showed
similar responses to both L-glucose and D-glucose. The blood
level readings are seen to rise in Fig. 5 as soon as the L-glucose
or D-glucose enters the bloodstream. The RF signal also
exhibits a rise after similar delays in both D-glucose and L-
glucose infusions. The intravenous administration of insulin at
90-minutes post glucose results in decreased blood level
readings as well as decreased RF signal transmission, reflecting
a hypoglycemic state (both L- and D-glucose blood levels are
reduced by insulin). Since L-glucose and D-glucose have the
same effect on the millimeter-wave signal before and after
insulin administration, but only D-glucose affects the general
metabolism, this suggests that the RF is measuring glucose or
products of its breakdown in the tissue, rather than other
metabolic products.

IV. DISCUSSION

The measurements reported in this paper support our prior
work that shows normo-, hypo- and hyper-glycemic states can
be tracked in vivo by millimeter-wave transmission through the
tissue. In addition, we demonstrate that the RF signals respond
to glucose levels in the tissue, rather than in the blood — at least
in the ear of anesthetized rats. The fact that our RF transmission
levels respond equally to both D-glucose, and the non-
metabolically active enantiomer, L-glucose, suggests that we
are indeed measuring the presence of glucose (or products of its
breakdown in the tissue), rather than a general metabolic effect
of glucose. These early, but positive results, point to the
potential implementation of a non-invasive continuous reading
glucometer based on millimeter-waves.
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Fig. 2. Photo showing anesthetized rat with Ka band waveguide
transmission system clamped around the ear. An IV port for blood
sampling is shown on the lower center. An infusion port into the
jugular vein is at the top right. Body temperature is constantly
monitored and recorded using a rectal thermometer. Power level at the
ear varies between 1 and SmW over the frequency range 27-40 GHz.
RF data is continually collected at 14 frequencies with a dwell time of
2 seconds with a repeating cycle of 30 seconds.
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Fig. 2. Complete experimental set up showing anesthetized rat;
HP83620A synthesized source (.1-20GHz) and HP83554A X2
multiplier; coax-to-waveguide transitions; a magnetically coupled Ka
band waveguide transmission system; HP8474 broadband detector;
data logging hardware (Measurement Computing USB1408) and
control computer using LabView®.
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Fig. 3. Plot showing complete
experimental run with transmission vs.
time at all 14 frequencies tracked.
Overlaid on the RF transmission curves
are the measured blood glucose levels
in mg/dl. Anesthetic is injected at
time=0 and the rat expired at time=84
minutes. Glucose infusion
(0.02ml/min) starts at t=49 minutes and
extends for 12 minutes (0.25ml total).
The immediate rise in blood glucose
level (from 258 to 473 mg/dl) is
evident as the glucose infusion begins,
but the RF change (measured in the
ear) does not occur for an additional 15
minutes (at around time=60). Peak
glucose is 660 mg/dl (extremely
abnormal).

Fig. 4. Blood glucose levels plotted against
millimeter-wave transmission at one
representative frequency (32 GHz) after
infusion of 50% glucose (0.2ml total)
[time=26-45]; an IV injection of 0.4U
insulin [time=73]; and a final infusion of
0.1ml glucose (rat expires at this point)
[time=100]. The jumps in the millimeter-
wave signal (green curve) at time=25 and
45 are due to inadvertent backflow of the
blood sampling (collected from the same
jugular vein in this experiment — we later
used the vein on the opposite side to avoid
this problem). The millimeter-wave
readings between 70 and 80 minutes are
inaccurate as the ear slipped out from the
waveguide clamp. Note that the readings
returned to prior levels when the ear was
reinstalled between the waveguide clamps.
ill effect. The spike in the millimeter-wave
reading at t=104 minutes was when the rat
expired.

Fig. 5. Blood glucose levels plotted
against millimeter-wave transmission at
one representative frequency when 50%
L-glucose, the non-bioactive isomer of
D-glucose, is infused at 0.01ml/min for
20 minutes. Both the blood level
readings and millimeter-wave signal
increase and oscillate, reaching a steady
state after some 90 minutes. After
injection of insulin (0.4U) both readings
decrease, with the millimeter-wave
signal lagging the blood readings by 10-
20 minutes. A last D-glucose infusion at
175 minutes causes both readings to
break slope again, but the animal
expired at 182 minutes. Note the sharp
jump in millimeter-wave reading after
death. This is consistently observed in
all experiments to date and likely
indicates blood pooling away from the
ear via gravity when circulation ceases.
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