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Commentary |

Can Interst1t1a1 G11.1cose17E IAssessrnent Replace

Current treatment regiments for individuals epen ling on exogenous insulin are based on
measurements of blood glucose obtained through painful finger sticks. The shift to minimal
or noninvasive continuous glucose monitoring primarily involves a shift from blood glucose
measurements to devices measuring subcutaneous-interstitial fluid (ISF) glucose. As the de-
velopment of these devices progresses, details of the dynamic relationship between blood
glucose and interstitial glucose dynamics nee,d to be firmly established. This is a challenging
task insofar as direct measures of ISF glucose areingt readily available. The current article in-
vestigated the dynamic relationship betweeﬁ ylisina and ISF glucose using a model-based
approach. A two-compartment model system, prevmusly validated on data obtained with the
MiniMed Continuous Glucose Monitoring:System (CGMS) is reviewed and predictions from
the ongmal two-compartment model were confirmed using new data analysis of glucose dy-
namics in plasma and hindlimb lymph (lymph is derlved from ISF) in the anesthetized dog.
From these data sets, the time delay betweeﬁi plasma and ISF glucose in dogs was established
(5-12 minutes) and a simulation study was' petf ' ‘ d to estimate the errors introduced if ISF
is taken as a surrogate for blood. From lﬂ;!iﬁ%- 1 iithtion study, the error component resulting
from the differences in plasma and ISFgliic stimated to be < 6% during normal day-
to-day use in an individual with diabetes (er

mponent calculated as the standard devi-
ation of the ISF/plasma glucose diffe: g0 ndition_s where the maximal time delay
was used). This difference is most likel ('% fe variance between arterial and venous
blood glucose. We conclude that the differ@ s et"%ween plasma and ISF glucose will notbe
a significant obstacle in advancing the use of ISF as an alternatwe to blood glucose mea-
surements.

INTRODUCTION - ... . For several decades, “spot-urine” was checked

' ot estimate hyperglycemic glucose values; still,
iis did not offer any information in the normo-
ypoglycemic range prompting the focus to
t to the use of whole blood. Methods based
the oxidation of sugars either by cupric or

RIVEN BY THE DISCOVERY OF INSULIN at the o
beginning of the last century, the mea-
surement of intracorporal glucose became es-
sential for the successful treatment of diabetes. ¢
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ferric compounds in alkaline solutions
formation of certain colors followed b
metric quantlﬁcahon were developed.
1930s. Initially, these methods required sé
- milliliters of blood, but this was redu
- ~0.5 mL by the 1950s. Nonetheless, the me
'~ ods were generally not specific for glucose be-
cause blood contains other reducing com- -
pounds. Various protein precipitation and
filtering steps were proposed to solve the speci-
ficity problem but these methods were time-
consuming and impractical for “real time” di-
abetes therapy. An accurate method that could
be performed within 15 minutes on  whole -
blood was proposed in 1959! using O-toluidine,
This method remains in use today for the de-
tection of carbohydrates in protein: hy-

drolysates.? High specificity and a trem dous,

reduction in sample size and assay tim

or glucose oxidase in conjunction W1th !' :
metric, photometr:c or electro-chermcal

for the development of highly accurate labora

tory glucose analyzers (e.g., Beckman,* Y..Sl‘i :
and sma]l inexpensive hand-held meters. Wigh -

of home glucose moniforing based on capi
blood had begun. - o

ISSUES RELATED TO THE USE |

OF INTERSTITIAL FLUID AS A

REPLACEMENT FOR BLOOD
'GLUCOSE MONITORING

With the development of accurate glucose gb-
says investigators began to explore the pogisk
bility of continuously measuring glucose 2
reporting the results in real time. Early; '
tempts involved the continuous withdrawal'of
intravenous blood®®; however, the subcuta-
neous measuring site rapidly gained attention
due to its ease of use and safe accessibility. To-
day, almost all minimal and noninvasive glu—-

cose detection methods, such as jontoph ore-.

81574, hypodermic needles®10, electrochemit
enzymatic sensors, 15 ultrasound,  and

cal approaches,'7/*® have focused on estimitih
glucose in the interstitial fluid (ISF) compart’-‘

ment of the skin rather than blood, However, ¢
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e always existed regarding poten-
s in the two sites.!” Essentially, if
ary represents a diffusional barrier to
F glucose and plasma glucose can be
have different dynamic responses
\derisome conditions, different steady-
tate'” concentrations. (Plasma , glucose and
blood glucose are related by the hematoerit; for
“this manuscript, we use plasma glucose as the
desired reference.)

. Given that plasma and ISF glucose levels
may have different characteristics, the question
‘arises as to which glucose level is more ad-
‘vanitageous for an individual with diabetes to
“monitor. It has been argued that during de-
creasing glucose (e.g., following insulin ad- .
hinigtration or exercise) ISF glucose may fall
advance of plasma glucose?0~2 and thus pro-
dvanced hypoglycemic detection, Con-
. the level of glucose seen by the brain
kely to be reflected by plasma glucose
level is critical for survival.
Ihe issue of which glucose level we wish to

itor is further confounded by the need for
n vivo calibration. In vivo calibration is requ:red
or: v:rtua]ly all minimal or noninvasive ISF -
icose monitoring methods. That is, even if a
od could be calibrated in vitro there is no
tee that the same calibration would hold

means placing it into unknown non-
idard conditions.32¢ As well, these condi-
js'may change over the time of intended use
e to local tissue reactions.?’?* Currently,
t ISF glucose detection methods are cali-
d against a “reference blood glucose reading.”
is point, several questions surface: Should
“ISF glucose sensor” be calibrated
“ISF glucose” standard? Is a sensor
sensing ISF glucose but calibrated
lood glucose providing a measure of
glucose” or a measure of “blood glucose”?
What happens if a “standard” or “highly accu-
rate” reference measurement is not available
for‘ calibration? And finally, how is a new giu-
¢ se measurement to be evaluated? In general,
agreed that a new measurement technique

to decide whether the new method is

t agreement with the old method.?

or is thought to measure ISF glucose -
ould rightly be calibrated against a

24 Placing a sensor in the subcutaneous - -

toiibe compared to a well-established -
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“highly accurate” measure of ISF glucose and l!l'l thg ISF. Here “indirect” means that o sam-
subsequently be evaluated against a well-es- is obtained. Techniques that it this de-
tablished method of measuring ISF glucose. “clude microdialysis*-*2 and open mi-
The sensor errors would then be deﬁned asid ion.*> Generally, these methods need -
hbrated against a reference glucose read-
djust for variable recovery. To date, the
gghas commonly been blood glucose.
, once such a calibration is intro-
adient between ISF and plasma can
e calculated, Although the gradient
calculated, the methods have been
describe ISF glucose dynamics. How-
such reports have to be taken with care in
t the identification of time constants is lim~
d. by the sampling interval a method allows
amples must be obtained within the time
) t of interest—e.g., to identify a 15-minute
SENsor error = _ e ‘constant samples are needed approxi-
ately every 5 minutes). As well, these meth-
ods have potential to introduce delays associ-
swith the equilibration rate across the
3 > idialysis membrane per se. Electrochemical
Clearly, this latter definition is somewhat un:  Sensors have also been used to infer ISF glucose
' cs and represent the bulk of the pub-~ .
ta on this topic. There are advantages
?’rhod Mainly, the devices are typically
ifnited in sampling frequency. Still, the de-
most often calibrated against plasma
d therefore do not provide an ab-
IEH-7 glucose level. Further, the devices
ve intrinsic delays. With these limitations
the ISF dynamics have been reported
widely. Delays of up to 40 minutes have
ported in some studies (for review see
- al.“); while other studies have re-
at the change in ISF glucose can occur
we of the change in plasma glu-
19202223 These latter reports have been lim-
fallmg glucose signals. In light of these
varying observations, considerable con-

sensor error =

ISF Glucose — Sensor Glucose
ISF Glucose o

100 %.
Alternatively, if one were {0, cons:der an
glucose sensor calibrated against a blood g
cose reference to be a measure of blood glu
then one would calibrate against a “highly ac-
curate” blood glucose reading and define the-
eITor as: :

_ Blood Ghcose — Sensor Glucose .
100 Blood Glucose T %2

errors.”
Irrespective of whether an ISF sensor ¢
brated io blood glucose is “thought” to b
ISF glucose measure or a blood glucose m
sure (i.e., whether you take equation (1) or' :
as your definition of error) the fact remains
differences in ISF and blood glucose mus
understood if the ISF sampling site is to re
blood glucose sampling, To understand th
ferences, a measure of ISF glucose is need
a task that has proven to be difficult. Vari jolt!
approaches have been used to directly obta:m
interstitial fluid. These include zmplantmg cap-
sules,®® inserting wicks,* creatin ng blisters on
the skin %3¢ sgampling lymph,**®° using ultra-
filtration,¥38 and more recently using hypo- .
dermic needles.’'? These techniques have pro- ] n
duced steady-state estimates of ISF glucose tha
vary between 50 and 110% of the plasma l¢§
with values greater than 100% being repor
_ under basal conditions using lymph.>? The py
itive gradient reported with lymph was shown
to reverse under hyperinsulinemic condmohs
(unpublished data G. Steil). The latter fact et
phasmes that insulin can change the gradiep!
by increasing glucose uptake from tissues, i
Indirect methods also exist to est:mate gl

een ISF and plasma glucose.

HEORETICAL DESCRIPTION
F ISF GLUCOSE DYNAMICS

eoretical relahonsh1p between ISF glu—
and plasma glucose can be characterized
bnsidering plasma and ISF as separate
ents” or “pools.” Compartmental

emains regarding the dynamic relation- f

we been extensively used to investi-
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FIG. 1. A: Two-compartment model describing the relati

p between plasma and ISF glucose, and B: theoreti-

cal response of ISF glucose (C;) to a step increase in plasma. glucose (C1) demonstrating the dependence of the gra

dient (C2/Cy) and time delay {7) on the diffusion (k

gate the physiological relationship be
plasma glucose and insulin, Often, very h
der models are proposed to describe
cose dynamics in various tissue beds (spja
nic, muscle, etc.). However, for the purp

ing site a simple two-compartment model:
be used (Fig. 1). For this model, glucose i

sumed to enter the ISF space by diffusion act§
the capillary barrier and to be irreversitjy
cleared from the tissue bed in proportion to the
concentration in that compartment. The rate of

clearance from the tissue is determined by ko,

and the rate of diffusion to the tissue is charac-
terized by kzy and kip {for s:mple diffusion:
k21V1 = k13V, where V is the volﬁme of the re-

spective pools). If the rate constanis are fixed,
the relationship between plasma (Cy) and ISF -
“to the ISF pool increases the gradient and time . -
~ constant both decrease (if there is no diffusion .~
: bamer, there is no gradient or time delay).

glucose (Cz) can be obtained from'the mass- b:‘};
ance equation for the ISF glucose pool (see
equation of Fig. 1A). Under these conditioris,
the steady-state glucose concentration in the ISF
pool (C2) is determined by both diffusion of g :‘“ﬁ
cose to the pool (k12 and k1) and clearance froth

id

1) a

learance (knz) parameters.

obl“‘(koz; Fig. 1B). If no glucose is cleared
e ISF compartment (kpz = 0) then the
d ISF pools have identical steady-
centrations (ie., if kyp =0 then C; =
gradient and time de!ay is shown in
for a step increase in plasma glucose
ould be achieved with a hyperglycemic glu-

time for ISF g}ucose to reach 63% of the -
steady-state (T, is related to r as Tyy2 =

7in(2} ). Several conclusions may be drawn from

tl'us simple analysis: (1) if the diffusion of glu-
cose to the ISF pool and the fractional uptake

. of glircose from the pool are constant the gra-

dientand time delay are also constant; (2) if glu-
cose uptake from the ISF pool increases the de-
lay becomes smaller and the plasma: ISF
glucose gradlent increases; and (3) if diffusion -

" The model shown in Figure 1 provides in- |

. s:ght into the ISF glucose delay and gradient be- - |
: twem.‘:ISF and plasma. However, we seek to "~

dse clamp, Here, the time delay (7) is defined o
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FIG. 2. A: Localized two-compartment descriptmn of plasma glucose and sensor current, B: calibrated sensor re-
sponse to a step increase in glucose demonstrating: (1) the lack of steady-state difference in sensor versus plasma glu-

cose and (2) the existence of the same ISF time delay defined in Fig. 1B, C: and E: simulation of a fall in glucose due B -

to decreased glucose appearance into the plasma.poal.and the corres) onded delay In sensor glucose signal, D: and
F: simulaiion of a fall in glucose due to an increase in glucose uptakg in the tissue bed and the corresponding pre-
ceding sensor signal. :

characterize “sensing devices” that sense ISF that steady-state level. Less obvious is that all ‘:‘:.'k" : .
glucose while at the same time are cahbraiaad the steady-state glucose levels will be correct if .
against plasma glucose; for example, an elec- . the fractional diffusion to and clearance from = . -

trochemical sensor inserted into the ISF space ! the ISF pool donot change. Although all steady-

as depicted in Figure 2A. Such a sensor pro- . state levels are correct, the sensor response will -

duces a current signal (nA) in proportion to the : still be delayed by the ISF equilibration time
ISF glucose level (s = a(y). If this s:gna] is ca]- -, constant
Flgure 2B for a calibrated sensor un-
e conditions as Figure 1.

() defined in Figure 1. This is demon-
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The simulations of Figures 1 and 2B are over _
simplified insofar as changes in glucose are -

 usually accompanied by changes. in irisulin. If
insulin changes, and the sensor is exppsed- to
ISF bathing insulin sensitive tissues, thy 'kqé kn
and ky, may not be constant. For exam i
sulin stimulates blood flow to the ti
roundmg the sensor, or recruits newy/
ies to the tissue*S the permeabil
capillary bed can increase (k12 kay ing

insulin increases glucose clearance from. the =tis-‘- ‘gl
;sensér (Fig. 2F). For the latter case the sensor
- signal precedes the fall in glucose and yields a

sue bed (kg increase) the plasma: ISF gradlent
will increase and the ISF equilibration time con-
stant () will decrease (described by the equa-
tions of Fig. 1), For these conditions the ISF glu-
cose response will be different from that

simulated in Figure 1. Using the conceptual -
model of Fxgure 1, one can consider three dif- .

ferent scenarios for falling glucose: (1) the rate
of glucose appearance (RA) into the plasma
pool decreases (Ra decreases); (2) the rate of
glucose uptake in a compartment remote from
the sensor increases (ky; increases); and (3) the
rate of g glucose uptake in the tissue surround-
ing the sengor increases (ko2 increases). The first
two cases are indistinguishable from the gen-
sor’s perspective and for both the sensor signal
will lag the plasma signal by the time delay {r)
presented in Flgure 1, and no change in the

REBRIN AND STEIL

ecreases from 300 to 100 mg/dl due
ease in the Ry (Fig. 2E) and compare
similar fall arising from an increase in -
uptake in the tissue swirounding the

lower steady-state reading,
:;l:f_;_

*, COMBINING THEORY WITH
EXPERIMENTAL DATA

Wé;:'have Prevxously used the model of Fig-

“ure 2ito:investigate the influence of insulin on

subcutaneous ISF glucose using MiniMed’s

: (Sylmar, CA) subcutaneous glucose sensor as

part of the continuous ghucose monitoring sys-
tem (CGMS).# Specifically, we evaluated in
‘ i()gs ‘the response of the sensor to step in-
dreases in glucose with and without changes in
ndogenous insulin, and the response during

250
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FIG.3. A;Plasma glucose dynamlcs (closed circles) durlng an increage in glucose appearance (§~120 minutes) and
an increéase in glucose uptake (120-240- minutes) together with a calibrated sensor signal that is uncorrected for the
ISF delay (dashed line), and B: sensor current (closed circles) and sensor fit (solid line) during the clamp. Sensor cur- .
rent was fit using the model of Figure 2. (Figure adapted from Rebrin et al.! )
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FIG.4. A:Loc

adapted from reference Steil et al.%)

~ogous to the simulations shown in F:gure 2),
Results indicated that there wasno effegt of in~
sulin to alter in vive sensor sensitivity (no

change in gradient), and that there was no ef- -

- fect of insulin on the sensor response time (no
change in 7). Moreover, the fall in sensor glu-
cose did not precede the fall in plasma. glucose
during insulin-induced increases in glucose
disposal (see Fig. 3). From these data,%’"' e con-
cluded that the sensor was not exposgd to an
insulin sensitive tissue bed and that th
delay time (7) was between 5 and 1
As an alternative to implanting A
the ISF, lymph can be used to moredirect]

Localized two-compartment descnption of plasma and
(open circles) 3-*u-p-glucose glucose dynamics' during saline infusio S
lymph data, and C: glucose {racer dynamics during maximally effective insulin infusion (euglycemic clamps). (Data: .. w000

180

ymph ISF, B: plasma (closed circles) and lymph
n together with the model fit (solid line) of the

% glucose dynamics. Lymph vessels col- '

seas ‘
‘lect I5hifrom virtually all tissue beds and trans- -

pott the fluid back fo the vascular space. These - -

vessels can be catheterized and samples ob- e

tained roughly every 5 minutes. We have used .
this fluid to directly study the effect of insulin -

on glucose dynamics in the ISF surrounding
dog hind-limb tissues and have shown thatin-- . -
sulin does not increase glucose diffusion to the
tissue bed itself* (i.e., insulin does not increase -~ -
k21 01 ky2). This conclusion was based on analy- .

sis .Of L-glucose (a nonmetabolized diffusion

l'.marker for glucose) in plasma and lymph un- :
‘ der steadyvstate basal. and hypermsulmexmc R
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conditions. Also presented in the orlglnal studyi _

were D-glucose kinetics under basal and maxi

mally effective insulin conditions. These kinet-

ics can be used to further validate the plasma

ISF model proposed in Figure 1. That'i 1s, D-glu-':
cose dynamics in plasrna and lymph can be fit : p
to the model shown in Figure 2, where the sen- -
sor is replaced by a lymph vessel (Fig. 4A). This.

allows both the plasma: ISF glucose gradient
and the ISF glucose time de}ag to be obtained
from a least squares fit of 3-H’-glucose (a glu-
cose tracer) under basal (Fig. 4B) and maxi-
mally effective insulin conditions (Fig, 4C). The
fit of these data confirms that a plasma: ISF gra-

¥

dient exists and that the ISF glucoseiresponse

is delayed; more importanily though ¢neither

the gradient (C2/Cy; 0.85 = 0.06 vs. 0.92'% 0.06,
NS) nor the delay (12.3 * 24 vs.13.5 & > 2.3 min, .

NS) were affected by insulin (p > 0.05 for both).
Note, although the simple model shown fits the
glucose data well, analysis in the . original
study,* suggested that hind-limb lymph orig-
inates from muscle and a second .unknown

pool that exhibits a longer delay. To the extent.

that a slower pool exists, the time constants
may actually be overestimated. .

WHAT IS THE IMPACT OF ISF . -
DELAY ON SENSOR ACCURACY  ij
DURING DAY-TO-DAY USE?

The lymph-glucose. kinetic analys:s ,{(Flg }4)
and the sensor kinetics under differing insulin
kinetics (Flg 3) suggest that the delay in'the ISF
glucose is within 5-12 minutes. Further, recent

data collected in humans with the MiniMed

CGMS indicate the delay (r) may actuallyg be
less than 5 minutes.* Although digital f:ltermg
techniques exist to compensate for such t1 e

delays,47 we evaluated the sensor error if the! de— notk

lay is left uncorrected. To do this, we perforp gd
a “simulation study” to estimate the errorgifi

sensor signal was obtained from an ISktsit
with a 12-minute delay (delay defined as iri Fig.
1). For the simulation study, a reference é-day
glucose profile was first obtained from an in-
dividual with diabetes using the MiniMed
Continuous Glucose Monitoring . System
(CGMS; Fig. 5A). The system provides glucose
values every 5 minutes; however, for the pur-

| I{EBRIN AND STEIL

yere “resampled” at 20-minute intervals
5B closed circles). Resampling was per-
o provide a smooth reference signal
h'a known “band-width” (a 20-minute sam-
g interval limits the bandwidth of the glu-
cose profile te 1.5 cycles/hour). Bandwidth is
a'common engineering term defining how fast
a s:gnal———m this case glucose—can change. All
physical systems have bandwidths, for exam-
hie hurnan ear is generally believed to be
imited” to 20~20,000 cycles/second.
dwidth of the glucose system however, -
been accurately measured. Bandwidth
.measured by Fourier analysis or by .
g test signals and measuring the
ucose response. ¥’
mplete the simulation study, the refer-
€8 ucose profile (Fig. 5B closed circles) was
Y ;rgenerate an ISF giucose profile using

assumed to be implanted in the ISF
calibrated at a “steady-state” glu-
WA F1 re 5B (solid line) from which a

to emphasize the effect of adding the delay

For this data the mean error introduced inthe =~

sensor signal was zero (i.e., the sensor is unbi-

1th1n 3.5% of the true glucose).

ased (sl{mpe equals 0.94, significantly different

from. 1, and intercept = 5.65; analysis per- i

formed | jusing GraphPad Prizm, San Diego,

CA). Fu%;ther, if the sensor is assumed tobecal- =
random points along the profile (ie., ..
ady-state) the standard deviation of "
Under = i7"
tions, the mean error is still zero
qlnpe' and intercept of the regression = ...
re-unchanged (slope = 0.94, intercept = -

1b

teq

error increases to 5.8%.

¢ are
5 65) Thus, it may be concluded that delays—

in the absence of any other error—do not bias - £

thg mean sensor readmg but do blas the re-

e simulation study the 5-minute val- c

tions of Figure 1. A “perfect” sensor

e, This resulted in the sensor profile -

po?’ﬁon (hours 16-22) is expanded in Figure 5C g .‘ |

).and the standard deviation of the error ‘
: % (i.e., 67% of the time the sensor glu- o

hile the mean error is unbiased the .
e regression line between plasma ..
nd sensor glucose (Fig. 5C) was bi- = -




c%_ 200 [
a o
E
g
3 100
(L]
§ 5
o b
16
, TIME(h).
FIG.5. A:The MiniMed Continuous G

individual with Type 1 diabetes (see text)
rapid glucose kinetics, Dt Linear regressit

underestimated (at the point where
gression line intercepts the 1:1 line the two val-
ues are identical).

Although an ISF delay introduces an error
into a sensor glucose reading the magnitude of
the error is relatively small (less than 6% for the
simulations presented here). Digital filters that
can correct for this error have been proposed
by us,** and others.*® However, as the error is
most likely within the range of normal arterial-
venous blood differences® such filtets mayinot
be necessary (dependmg on the appli
digital filter may still improve th

curacy). If the combined ISF/se is
longer than 10-15 min—implying

ror will rise above 6%—then digit; om-
pensation will probably be necessa e fil-
ters, which involve taking a welgh'té. : m of
past sensor values, are relatively s:mp]e torim-

plement (see Rebrin et al # for details).

469

ses Figure Sc
B .48 -
TIME {h) -

170
140

110

' SENSOR GLUCOSE {mgldl)

50 " oo "y 140 1o
PLASMA GLUCOSE (mg/di)
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CONCLUDING REMARKS

The present review specifically addressed
the question “Can interstitial glucose assess- . -
ment replace blood glucose measurements?” -

The answer, based on the present review, is yes. -

Datawresented here indicate that the delay in BN
ISF glucose equilibration is most likely less -

110 minutes and the error introduced is no

& ISF space as the glucose-measuring site -
not appear to be a major problem, it is -
at other issues need to be further in- .

' vestl ate‘ﬂ For subcutaneous sensors, these is-

suesi?mclude nonstandard measuring condi- - -
honé,, local tissue responses including wound -

heah%‘ag, interfering substances, and patho--

physiological conditions such as hypo- ..

glycemia, ketoacidosis, etc.
From Clark’s® proposal to modify an elec-

githan 5 or 6%, Nonetheless, while the use
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_ trochemical oxygen sensor for use in continu- -

ous glucose monitoring, to the U:S, Food and
Drug Administration (FDA) appmval of the
first commercially available in vivo'continuous

glucose monitoring system (MlmMed Inc.),5152

it has taken about 40 years. The original task
seemed simple. Glucose-sensing: technology
was rapidly incorporated into staridard labo-
ratory analyzers like the Beckmaniand ¥SI.34
Nonetheless, the in vivo apphcah tch-
nology continues to present sig
lenges promptmg the questionip
Gough®: “Why is it taking so lorig"?

swer, as stated by Gough, is the need for more

focused research with complete presentation of
successful and unsuccessful data. I’resentmg
these latter “unsuccessful attempts” would
help identify and solve problems' in a scientific
manner. In the present review, we have argued
that ISF can replace blood as the preferred glu-
cose measure and that the relative difference
between blood and ISF glucose is small. We be-
lieve that many of the new techriologies being
developed will firmly establish the ISF. "te‘ as
the preferred measuring site. ' ‘
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