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1 ABBREVIATIONS 

 

AST .................  alternative (or alternate) site blood glucose testing  

AV ..................  arteriovenous  

BG ..................  blood glucose  

SD ..................  standard deviation 

vs. ..................  versus 
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2 ABSTRACT 

Introduction: Capillary blood glucose (BG) testing at sites other than the fingertip, so 

called “alternative site glucose testing” (AST), is associated with markedly reduced 

pain. Devices for AST have been recently approved under the assumption that 

capillary BG measurements in samples derived at these sites (e.g., forearm or 

thumb) do not differ systematically from results obtained by sampling at the fingertip. 

Unexpectedly, patients reported to us discrepancies between clinical symptoms of 

hypoglycaemia with hypoglycaemic values at the finger and normoglycaemic blood 

glucose values measured at the forearm. These discrepancies occurred particularly 

during periods with rapidly changing BG concentration. Therefore, a possibility of so 

far unknown regional differences in blood glucose concentration kinetics during rapid 

BG changes could not be ruled out. Thus, the aim of the thesis was (a) to describe 

capillary BG kinetics at the forearm and palm during rapid BG change, (b) to study 

the effect of local skin manipulation by rubbing, (c) to develop a model explaining the 

observations and finally (d) to establish adequate guidelines for the use of BG 

monitoring at AST sites. 

Methods: In different studies, capillary BG measurements at the forearm or thenar 

eminence were compared to capillary BG measurements at the fingertip. Therefore, 

a standardised rapid BG change (>2.0 mg·dL-1·min-1) was induced in patients with 

diabetes mellitus. In a subgroup of patients, a local rubbing procedure was performed 

at the forearm before additional capillary samples were taken. 

Results: Metabolic steady-state BG concentrations at the forearm and fingertip were 

similar. But during rapid systemic BG increase or decrease large BG differences [on 

average up to 84-91 mg/dL (4.7-5.0 mmol/L)] occurred due to the fact that BG 

concentration in capillary blood from the forearm was lagging behind the fingertip by 

on average about 30 minutes. Timely hypoglycaemia detection was seriously 

impaired as up to 80% of forearm BG measurements were higher than 90 mg/dL (up 

to 169 mg/dL (9.4 mmol/L)] at the moment when BG concentration at the fingertip 

dropped into hypoglycaemic range. The rubbing procedure diminished the BG 

concentration difference between forearm and fingertip during rapid BG change on 

average by about 50%. But there was a distinguished intraindividual and 

interindividual heterogeneity in the rubbing effect on forearm-fingertip BG 

concentration difference. At the thenar eminence relevant BG concentration 
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differences occurred neither at metabolic steady-state nor during blood glucose 

concentration changes which were rapid enough to induce relevant blood glucose 

differences between fingertip and forearm.  

Discussion: So far unknown, clinically highly relevant differences in capillary BG 

kinetics exist between forearm and fingertip, but not between fingertip and palm. 

These observations can be explained by a physiological model, the PLEXUS 

EXCHANGE MODEL, which is based on the hypothesis that subepidermal plexus blood, 

from which “capillary” blood is derived, is exchanged rapidly at glabrous skin areas 

(e.g. fingertip and palm) but only slowly at non-glabrous skin areas (e.g., forearm). As 

a consequence, it should be recommended that BG testing at AST-sites is performed 

only when rapid BG change (e.g., < 2 hours postprandially, during physical exercise) 

or hypoglycaemia can be excluded.  



  Introduction 

 

5

3 INTRODUCTION 

Capillary blood glucose self-monitoring is the cornerstone of intensified insulin 

therapy in diabetes mellitus [1]. In general, the required capillary blood sample is 

obtained by puncturing the fingertip. This procedure, which a patient on intensified 

insulin therapy should perform more than 1500 times per year, is painful enough to 

warrant a search for alternatives.  

Recently, new blood glucose self-monitoring devices received approval from the 

United States Food and Drug Administration for so called alternative (or alternate) 

capillary blood sampling sites (e.g., arm, leg, palm). The sensible innervation of the 

dermis at these sites is less dense [2]. Skin puncture is therefore less painful at 

alternative sites as shown for the forearm [3-8], thigh [8], abdomen [9;10] and palm 

[3;4;8]. As a result, sampling at alternative sites has an important potential of 

improving the quality of life of patients with diabetes and of improving patients’ 

compliance to blood glucose self-monitoring. 

Nevertheless, blood glucose monitoring at alternative sampling sites has to be 

effective with regard to the functions of blood glucose self-monitoring. For insulin-

treated patients, the major functions of blood glucose self-monitoring are (a) to guide 

insulin dose adjustments and (b) to detect hypoglycaemia, especially for those 

patients with impaired awareness of hypoglycaemia. In order to detect 

hypoglycaemia early enough to prevent severe deterioration of brain function, any 

blood glucose self-measurement must indicate a hypoglycaemic event before brain 

glucose concentration is critically lowered. As brain glucose concentration is rapidly 

equilibrating with arterial (i.e., systemic) blood glucose concentration [11], it is 

required that glucose concentration measurements at whatever site or compartment 

reflect systemic blood glucose concentration without relevant delay. Glucose 

concentrations in capillary blood derived from the fingertip closely follow systemic 

blood glucose concentration and therefore fulfil this requirement. Previously it had 

been assumed that blood glucose levels in capillary blood obtained by puncturing the 

skin are identical at any skin site throughout the body. Therefore, for alternative 

sampling sites, comparative data was gathered during metabolic steady-state, but 

virtually no data existed on glucose concentration kinetics during rapid blood glucose 

concentration changes. 
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• 

• 

Unexpectedly, patients reported discrepancies between clinical symptoms of 

hypoglycaemia with hypoglycaemic values at the finger and normoglycaemic blood 

glucose values measured at the forearm [e.g., 50 vs. 101 mg/dL (2.8 vs. 

5.6 mmol/L)]. These discrepancies could neither be explained by technical meter 

performance [6;12] nor inadequate device handling . Therefore, there existed a 

possibility of unexplained regional differences in blood glucose concentration 

kinetics.  

Local skin manipulation by rubbing has been recommended by some manufacturers 

of glucose meters in order to increase the blood volume obtainable by skin puncture 

at alternative sampling sites. But the effect of this procedure on the blood glucose 

concentration kinetics had not been examined in detail. 

 

4 AIM OF THE THESIS 

The aim this thesis was to examine whether regional differences in capillary blood 

glucose concentration kinetics exist during rapid systemic blood glucose changes. 

In particular: 

► to describe capillary blood glucose concentration kinetics  

at the forearm  

at the palm (thenar eminence) 

► to study the effect of local skin manipulation by rubbing 

► to develop a model explaining the observations 

► to establish adequate guidelines for the use of BG monitoring at alternative sites 
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5 METHODS 

5.1. Patients 

Insulin-treated patients with diabetes mellitus were recruited among the in-patients of 

the German Diabetes Research Institute (Duesseldorf, Germany) undergoing routine 

hypoglycaemia awareness testing. Decision for hypoglycaemia awareness testing 

was independently made by the responsible physicians. Characteristics of the 

participating patients are shown in TABLE 1. 

 

  Study/Article 

  Diabetes Care
(2001) 24:1303 

Diabetes Care 
(2002) 25:956 

Horm Metab Res
(2002) 34: 325 

Participants [male/female] [n] 6 [6/0] 17 [15/2] 16 [13/3] 

Age [years] 38 ± 9 38 ± 10 37 ± 11 

Diabetes type 1/ Diabetes type 2 [n] 5 / 1 13 / 4 13 / 3 

Diabetes duration [years] 12.3 ± 10.0 12.9 ± 8.9 11.6 ± 9.2 

Participants with mild  
microvascular diabetic complications [n] 2 5 3 

Participants with  
impaired awareness of hypoglycaemia [n] 2 5 2 

HbA1c [%] 8.7 ± 1.5 9.8 ± 3.1 9.3 ± 2.9 

TABLE 1: Characteristics of participating patients.  
Either number or mean ± SD is given. 

5.2. Devices for blood glucose concentration measurements 

Capillary blood glucose concentration was determined by self-monitoring devices 

approved for the fingertip as well as for alternative capillary sampling sites 

[FreeStyle™ (TheraSense, Alameda, CA, USA); Soft-Sense™ (Abbott, Bedford, MA, 

USA); One Touch® Ultra (LifeScan, Milpitas, CA, USA)].  

For control purposes, additional capillary blood samples from the fingertip were 

analysed (hexokinase-based method) in the clinical chemistry laboratory of the 

German Diabetes Research Institute.  
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5.3. Procedures 

5.3.1 Induction of rapid changes in blood glucose concentration 

After an overnight fast and on their individual basal insulin, the patients' pre-breakfast 

rapid-acting insulin was omitted and the breakfast was replaced by an oral glucose 

load (75 g) in order to achieve blood glucose values of 300-400 mg/dL. 

Subsequently, short acting insulin was injected intravenously at an individual dose in 

order to induce a fast blood glucose decline >2.0 mg·dL-1·min-1 down to 

hypoglycaemic values (≤ 60 mg/dL). 

5.3.2 Blood glucose concentration measurements 

Every 15 min, capillary blood samples were taken in parallel from the fingertip (lateral 

pulps of fingertip 2-4) and from alternative sampling sites (TABLE 2). In each patient, 

the same blood glucose monitor was used for measurements of capillary blood 

glucose samples from all sites. If not stated otherwise, the forearm skin was not 

rubbed prior to blood glucose sampling (contrary to the recommendations of some 

manufacturers) in order to avoid any disturbance of the normal regional blood flow. In 

a subset of patients, additional forearm blood samples were collected from after a 

rubbing procedure (in accordance to manufacturers' recommendations) was 

performed. 

 

 Study/Article 
 Diabetes Care 

(2001) 
Diabetes Care 

(2002) 
Horm Metab Res

(2002) 
Reference sampling site    

Fingertip  All patients All patients All patients 

Alternative sampling sites    

Forearm (without rubbing procedure) All patients All patients Subset of patients 

Forearm after rubbing procedure - Subset of patients - 

Thenar eminence - - All patients 

TABLE 2: Sampling sites used.  
Fingertip: lateral pulps of fingertips 2nd-4th finger; forearm: ventral and dorso-radial 
surface; thenar eminence: palmar skin above the m. abductor pollicis brevis & m. flexor 
pollicis brevis  



  Methods 

 

9

5.4. Data analysis 

Glucose profiles were analysed separately for the increase part, i.e. from the 

ingestion of the glucose load to the blood glucose concentration maximum measured 

at the fingertip, and the decrease part, i.e. from insulin injection to the blood glucose 

concentration minimum measured at the fingertip. For each patient, the average of 

blood glucose concentration differences between different sampling sites 

(intraindividual average blood glucose-difference) was calculated.  

Data was compared by parametric or non-parametric tests for matched pairs. 

P-values were up-rounded with two-decimal-precision and a P-value ≤ 0.05 was 

considered statistically significant. If appropriate, P-values were adapted according to 

the Bonferroni-procedure. 
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6 RESULTS 

6.1. Capillary blood glucose kinetics at the forearm 

At metabolic steady-state (baseline), blood glucose concentration was not 

significantly different between forearm and fingertip. But during rapid blood glucose 

increase [2.3 ± 0.5 mg·dL-1·min-1 (0.13 ± 0.03 mmol·L-1·min-1)] or rapid blood glucose 

decrease [3.1 ± 1.1 mg·dL-1·min-1 (0.17 ± 0.06 mmol·L-1·min-1)] blood glucose kinetics 

at the forearm were lagging behind kinetics at the fingertip by on average about 30 

minutes (FIGURE 1).  

There was no difference between the different blood glucose meters used. 
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FIGURE 1: Blood glucose kinetics at the forearm. 
Representative blood glucose profiles derived from the forearm and the fingertip of six 
patients with diabetes. 
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As a consequence, clinically relevant differences occurred between blood glucose 

concentrations measured at the forearm and the fingertip (TABLE 3). The maximal 

difference observed per single patient was 84 ± 22 mg/dL (4.7 ± 1.2 mmol/L) during 

blood glucose increase (forearm blood glucose lower than fingertip blood glucose), 

and 91 ± 18 mg/dL (5.0 ± 1.0 mmol/L) during blood glucose decrease (forearm blood 

glucose higher than fingertip blood glucose). 

 Fingertip Forearm 

Baseline-BG 141 ± 43 mg/dL 
(7.8 ± 2.4 mmol/L) 

130 ± 42 mg/dL 
(7.2 ± 2.3 mmol/L)  

(P=0.06) 

BG-increase amplitude 199 ± 43 mg/dL 
(11.0 ± 2.4 mmol/L) 

149 ± 38 mg/dL 
(8.3 ± 2.1 mmol/L)  

(P<0.001) 

BG-decrease amplitude 259 ± 45mg/dL  
(14.4 ± 2.5 mmol/L) 

206 ± 47 mg/dL  
(11.4 ± 2.6 mmol/L) 

(P<0.001) 

TABLE 3: Blood glucose (BG) difference between forearm and fingertip occurring 
during rapid blood glucose concentration-change.  
P-value for difference of forearm and fingertip is shown. 

Hypoglycaemia detection by blood glucose measurement was severely impaired if 

blood was obtained from the forearm. At the onset of hypoglycaemia [≤ 60 mg/dL 

(3.3 mmol/L) at the fingertip], 80 % of blood glucose values at the forearm were 

≥ 90 mg/dL (5.0 mmol/L) (TABLE 4).  

Forearm-BG Fingertip-BG Clinical symptoms of hypoglycaemia 

169 mg/dL (9.4 mmol/L) S 63 mg/dL (3.5 mmol/L) S Drowsiness 
162 mg/dL (9.0 mmol/L) S 59 mg/dL (3.3 mmol/L) S None 
159 mg/dL (8.8 mmol/L) F 52 mg/dL (2.9 mmol/L) F None † 
151 mg/dL (8.4 mmol/L) F 56 mg/dL (3.1 mmol/L) F None † 
142 mg/dL (7.9 mmol/L) F 50 mg/dL (2.8 mmol/L) F None † 
119 mg/dL (6.6 mmol/L) S 63 mg/dL (3.5 mmol/L) S Visual Disturbance, Warmth 
115 mg/dL (6.4 mmol/L) U 54 mg/dL (3.0 mmol/L) U None † 
112 mg/dL (6.2 mmol/L) F 56 mg/dL (3.1 mmol/L) F Hunger, Drowsiness,  
106 mg/dL (5.9 mmol/L) U 61 mg/dL (3.4 mmol/L) U Sweating, Tremor 
106 mg/dL (5.9 mmol/L) F 43 mg/dL (2.4 mmol/L) F Hunger, Drowsiness, Dizziness 
105 mg/dL (5.8 mmol/L) F 59 mg/dL (3.3 mmol/L) F Drowsiness 
90 mg/dL (5.0 mmol/L) F 40 mg/dL (2.2 mmol/L) F Sweating, Nausea 
81 mg/dL (4.5 mmol/L) F 47 mg/dL (2.6 mmol/L) F None 
74 mg/dL (4.1 mmol/L) F 47 mg/dL (2.6 mmol/L) F None † 
70 mg/dL (3.9 mmol/L) S 56 mg/dL (3.1 mmol/L) S None 

TABLE 4:  Capillary forearm-blood glucose concentration (BG) compared to the first 
hypoglycaemic value at the fingertip.  
Hypoglycaemia [≤ 63 mg/dL (3.5 mmol/L)] was not reached in 2 patients (data not 
displayed). BG-monitor: S= Soft-Sense™; F= FreeStyle™; U= One Touch® Ultra 
† Known history of impaired awareness of hypoglycaemia 
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6.2. Capillary blood glucose kinetics at the thenar eminence 

At the thenar, capillary blood glucose concentration did not differ from the fingertip 

even during rapid blood glucose changes, rapid enough to induce significant blood 

glucose concentration differences at the forearm (FIGURE 2, TABLE 5). 

At the onset of hypoglycaemia [≤ 60 mg/dL (3.3 mmol/L) at the fingertip], blood 

glucose concentrations at the thenar and at the fingertip were not significantly 

different [50 ± 6 vs. 53 ± 10 mg/dL (2.8 ± 0.3 vs. 2.9 ± 0.6 mmol/L), p=0.20]. 

There were no obvious device specific differences. 

FIGURE 2:  Blood glucose kinetics at the thenar. 
Representative study blood glucose profiles from the thenar, the forearm and fingertip of two 
patients with diabetes. 

 

 Fingertip Thenar Forearm 

All patients (n=16) 

Baseline-BG 135±34 mg/dL
(7.5±1.9 mmol/L) 

136±41mg/dL 
(7.5±2.3 mmol/L) 

P=0.86 ND 

BG-increase amplitude 190±35 mg/dL
(10.5±1.9 mmol/L)

188±41 mg/dL 
(10.4±2.3 mmol/L)

P=0.65 ND 

BG-decrease amplitude 255±32 mg/dL
(14.1±1.8 mmol/L)

257±47 mg/dL 
(14.3±2.6 mmol/L)

P=0.83 ND 

Subgroup with “Forearm-control” (n=10) 

Baseline-BG  143±39 mg/dL
(7.9±2.2 mmol/L) 

145±47 mg/dL 
(8.0±2.6 mmol/L) 

P=1.00 126±38 mg/dL 
(7.0 mmol/L) 

P=0.04 

BG-increase amplitude 194±33 mg/dL
(10.8±1.8 mmol/L)

196±43 mg/dL 
(10.9±2.4 mmol/L)

P=1.00 153±36 mg/dL 
(8.5±2.0 mmol/L) 

P<0.01 

BG-decrease amplitude 276±26 mg/dL
(15.3±1.4 mmol/L)

280±54 mg/dL 
(15.5±3.0 mmol/L)

P=1.00 226±31 mg/dL 
(12.5±1.7 mmol/L) 

P<0.01 

TABLE 5: Capillary blood glucose (BG) during rapid systemic BG-changes.  
Blood samples were taken in parallel from the fingertip and the thenar. In a subgroup 
additional samples were taken from the forearm in order to demonstrate that BG-
change was sufficiently rapid.  
Mean ± SD are shown. ND denotes “not done”.  
P-values in comparison to the fingertip-BG are given. 
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6.3. Effect of rubbing on capillary blood glucose kinetics at the forearm 

There was a large intraindividual and interindividual variation of the rubbing effect on 

the finger-forearm blood glucose difference in the subset of patients (n=8) on which a 

rubbing procedure was performed. In these patients, the effect ranged from virtually 

no change of forearm blood glucose to the establishment of full equilibrium with the 

fingertip blood glucose (FIGURE 3). On average, the individual maximal difference 

between forearm and finger was reduced during the increase part from 81 ± 13 to 

56 ± 20 mg/dL (4.5 ± 0.7 to 3.1 ± 1.1 mmol/L) (p<0.05) and during the decrease part 

from 86 ± 20 to 54 ± 16 mg/dL (4.8 ± 1.1 to 3.0 ± 0.9 mmol/L) (p<0.01). Again, no 

device specific differences were observable 
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FIGURE 3:  Effect of rubbing on forearm blood glucose (BG) kinetics.  
Representative study BG profiles from four patients with diabetes. 
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7 SUMMARY AND DISCUSSION 

It could be shown for the first time that capillary blood glucose kinetics within the 

upper dermal compartment (≤ 2 mm) are markedly site-specific. The assumption of a 

permanent blood glucose concentration equality within capillary blood from different 

body sites is proved false.  

None of the observations was device-specific. Therefore, the observations should be 

due to site-specific physiological differences. 

7.1. Capillary blood glucose kinetics at the forearm 

Capillary blood glucose concentration is virtually equal between forearm and fingertip 

at metabolic steady-state. Unfortunately and unexpectedly, transient but clinically 

important blood concentration differences occur during rapid changes in systemic 

blood glucose concentration.  

The rate of change in forearm blood glucose concentration is decelerated compared 

to the rate of change in capillary blood from the fingertip. Therefore, absolute blood 

glucose concentration at the forearm lags behind the blood glucose concentration at 

the fingertip by 30 minutes on average. As a result, systemic blood glucose 

concentration is underestimated during rapid systemic blood glucose concentration 

increase and overestimated during blood glucose concentration decrease if capillary 

blood is derived from the forearm site.  

The detection of hyperglycaemia as well as hypoglycaemia can be delayed. Clinical 

relevance is obvious as even a few delays in hypoglycaemia detection may cause 

serious harm to patients with diabetes mellitus, especially in those with impaired 

awareness of hypoglycaemia.  

This pattern (decelerated blood glucose concentration change at alternative blood 

glucose sampling sites resulting in blood glucose concentration-under- and 

overestimation) is further on called ALTERNATIVE-SITE-TESTING PHENOMENON (AST-

PHENOMENON).  
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7.2. Capillary blood glucose kinetics at the thenar eminence 

At the thenar, blood glucose concentration does not differ from the fingertip even 

during blood glucose changes sufficiently rapid to induce large blood glucose 

differences between the forearm and fingertip. In contrast to the fingertip, 

hypoglycaemia detection is not impaired if blood samples are obtained from the 

thenar.  

Clinical observation and studies done during slower blood glucose changes 

[3;4;10;13-18] point to the critical role of a sufficient rapid blood glucose change in 

order to unmask the differences in glucose concentration in dermal blood 

compartments at different body sites, e.g., forearm and fingertip. Therefore, 

observing the similarity between thenar and fingertip as such gives only limited 

information. It is the observation of clinically identical glucose kinetics between thenar 

and fingertip in the face of diverging kinetics at the forearm that is the major finding in 

this study. 

7.3. Influence of local skin manipulation (rubbing) on capillary blood glucose 
kinetics 

Rubbing of the forearm skin can reduce blood glucose concentration differences 

during rapid blood glucose changes. However, due to the considerable intraindividual 

and interindividual variability the effect of rubbing on the forearm blood glucose 

concentration value is unpredictable. Therefore, rubbing of forearm skin can not be 

regarded as a reliable compensatory action. 
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7.4. Underlying Mechanisms (PLEXUS EXCHANGE MODEL) 

Two anatomical and physiological facts have to be taken into account in order to 

explain the observed AST-PHENOMENON.  

First, the observed slower glucose kinetics at the forearm are most likely related to 

physiologically occurring skin-type specific differences in dermal circulation. In 

healthy individuals as well as in type 1 and type 2 diabetics, upper-dermal blood flow 

is 5 to 20-times higher at glabrous skin-areas (also called: non-hairy skin type) (e.g., 

fingertip) than at non-glabrous skin areas (also called: hairy skin type) (e.g., forearm) 

[19-21]. This is mainly based on the fact that at the glabrous skin-areas many 

arteriovenous anastomoses are found within the upper dermis whereas in non-

glabrous skin areas very few arteriovenous anastomoses exist [19;22]. In addition, 

capillary density is higher at glabrous skin areas (50-70/mm²) than at non-glabrous 

skin areas (20-40/mm²) [2;19].  

Secondly, one has to consider that the main part of “capillary blood” obtained by 

puncturing the skin (typical penetration depth ≤ 2 mm) is derived from subepidermal 

venous plexus and only just a small fraction from capillaries [2;23].  

As a consequence, at the glabrous skin-areas (e.g., fingertip) the numerous 

arteriovenous anastomoses can directly drain into the venous plexus. Thus, 

exchange of blood within the subepidermal plexus will be fast. In contrast, in non-

glabrous skin areas (e.g., forearm) inflow of blood in the subepidermal plexus should 

be solely derived from capillaries. So it seems reasonable to postulate that blood 

exchange within the plexus takes longer at the non-glabrous skin areas than at 

glabrous skin areas. This hypothesis, further on named PLEXUS EXCHANGE MODEL is 

illustrated in FIGURE 4.  
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FIGURE 4: PLEXUS EXCHANGE MODEL (schematically). 
Capillary blood obtained by puncturing the skin (red shaded cone) (typical 
penetration depth ≤ 2 mm) is derived from subepidermal venous plexus and 
just a small part from capillaries.  
At glabrous skin areas (e.g., fingertip, palm) these venous plexus get blood 
inflow from arteriovenous (AV) shunts. Therefore, exchange of plexus blood 
is rapid so that a clinical apparent glucose concentration differences between 
capillary blood and systemic (arterial) blood is not developing even when 
arterial glucose concentration is changing rapidly. 
At non-glabrous skin areas (e.g., forearm) blood inflow in the subepidermal 
plexus is derived from capillaries only. Thus, exchange of plexus blood is 
very slow. As a consequence, rapid systemic blood glucose concentration 
change can induce a considerable glucose concentration gradient between 
capillary and arterial blood. 

 

As blood exchange in subepidermal plexus is not easily examinable in humans the 

PLEXUS EXCHANGE MODEL has not be proven directly so far. Nevertheless, there is a 

considerable indirect evidence of its validity as the following major experimental and 

clinical observations can be consistently explained by the PLEXUS EXCHANGE MODEL 

[24]: 

• Blood glucose kinetics at the thenar eminence – No differences in blood glucose 

kinetics are found in comparison to the fingertip if capillary blood is obtained from 

the palm [3;4;8;25]. The thenar-eminence as well as the remaining palm belong 

to the glabrous skin area which possess multiple arteriovenous shunts [19].  
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• Blood glucose kinetics at the thigh and abdomen – In principle, a blood glucose 

kinetic phenomenon similar to the one demonstrated for the forearm has been 

observed if capillary blood was sampled at the thigh [8;17] and abdomen [26]. 

Both areas belong to the non-glabrous skin area like the forearm.  

• Influence of blood flow: Effect of pharmaceutically induced hyperaemia – It could 

be shown that if blood flow at the forearm is artificially increased by the 

hyperaemic cream Finalgon® (nonivamide + nicoboxil) no differences in blood 

glucose concentration kinetics between forearm and fingertip are found [27]. 

Finalgon®, a remedy routinely used for inducing hyperaemia in order to sample 

arterialised capillary blood for blood gas analysis, induces a fivefold increase in 

skin blood flow [28]. Interestingly, natural forearm blood flow is about 4-6-times 

lower than fingertip blood flow [29]. According to the PLEXUS EXCHANGE MODEL 

blood glucose concentration kinetics have to be equal if blood flow is equal. 

Thus, the observation that artificially induced hyperaemia eliminates the AST-

PHENOMENON at the forearm site further supports the PLEXUS EXCHANGE MODEL.  

• Influence of blood flow: Effect of Rubbing – Rubbing of forearm skin prior to skin 

puncture reduced blood glucose concentration differences on average. If one 

looks at individual experiments it is obvious that sometimes any blood glucose 

concentration differences disappeared when the rubbing procedure was applied, 

while (even in the same patient) in the next moment the rubbing procedure did 

not have any effect at all. To understand this putative contradiction, the effect of 

rubbing on upper dermal circulation was examined by scanning laser Doppler 

flowmetry [29]. It could be shown, that at the forearm skin manipulation by 

rubbing increases dermal blood flow on average. But remarkable spatial 

heterogeneity in the hyperaemic effect of rubbing was observed as spots with no 

blood flow increase were found in close proximity to areas where forearm blood 

flow reached values comparable to the fingertip. Thus, the heterogeneity of the 

effect of rubbing on the blood glucose concentration can be fully explained by the 

spatial heterogeneity of the hyperaemic effect of rubbing.  

• Influence of blood glucose change velocity – Blood glucose change velocity and 

the magnitude of occurring blood glucose difference are directly related [17;18]. 

The faster the systemic blood glucose change, the larger is the observed blood 

glucose difference. If systemic blood glucose concentration does not change 
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faster than 2 mg·dL-1·min-1 the AST-PHENOMENON is masked by the inherent 

imprecision of blood glucose self-measurement. Can this be explained by the 

PLEXUS EXCHANGE MODEL? According to the model it takes a relevant time period 

to exchange blood within the subepidermal venous plexus of non-glabrous skin 

area. From this follows that the capillary blood sample derived by skin puncture 

represents a time-averaged mean of the blood glucose concentrations within the 

time period that is needed to exchange the plexus blood. If systemic blood 

glucose concentration (i.e. blood glucose concentration in plexus inflow) changes 

only irrelevantly during the exchange period then the capillary blood glucose 

concentration will be close to systemic blood glucose concentration at the 

sampling moment. But if systemic blood glucose concentration changes quickly 

in the given period, the difference between time-averaged glucose concentration 

(i.e., plexus blood glucose concentration at the sampling moment) and systemic 

blood glucose concentration at the sampling moment will be large.  

All observations in the field of alternative site monitoring, as discussed above, can be 

consistently explained by the PLEXUS EXCHANGE MODEL. This certainly is not a formal 

proof of the model, but nevertheless is a strong evidence in favour of the model. At 

present, a direct experimental proof of the model is not yet available due to technical 

difficulties, especially as skin physiology must remain unchanged by the measuring 

technique itself. Therefore, the PLEXUS EXCHANGE MODEL is momentarily the best 

explanation of the AST-PHENOMENON and may thereby be a valuable guide to the 

further understanding of dermal glucose concentration kinetics.  
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7.5. Clinical recommendations for  
capillary blood glucose testing at alternative sites  

Despite the described problems, it has to be acknowledged that puncture-associated 

pain is markedly reduced by alternative site blood glucose testing [3-10;30;31]. 

Therefore, alternative site blood glucose testing can be a valuable and attractive 

additional option for patients performing blood glucose self-monitoring if 

recommendations for a differentiated use are followed (TABLE 6).  

DIFFERENTIATED RECOMMENDATIONS 

At hairy skin areas (i.e., arm, leg, abdomen) 

9 Metabolic steady-states (e.g., preprandially) 

Rapid blood glucose-changes (e.g., <2hrs. postprandially) 

8 Exclusion of hypoglycaemia 

At hairless skin areas (i.e., palm) 

9 Metabolic steady-states & during rapid blood glucose change 

TABLE 6: Clinical recommendations for the differentiated use of alternative site 
blood glucose Testing. 

At non-glabrous skin areas (e.g., arm, leg, abdomen), blood glucose monitoring is 

safe in metabolic steady-states (e.g., fasting state, preprandially). But during rapid 

blood glucose changes, e.g., postprandially, during exercise or induced by insulin 

administration, glabrous skin areas should not be used for blood glucose testing due 

to risky delays in hypo- and hyperglycaemia detection. In particular, we would not 

recommend to rely on blood glucose values from the these sites if there is any 

concern about hypoglycaemia (e.g., when driving a car). 

At glabrous skin areas (e.g., thenar eminence, palm), blood glucose monitoring is 

safe in metabolic steady-states as well as in periods of rapid blood glucose 

concentration change. 
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7.6. Consequences for other glucose monitoring techniques 

As our observations are based on physiological differences in local dermal blood flow 

they presumably affect any glucose test system which relies on glucose values from 

the upper skin layer of non-glabrous skin areas [32;33]. Test systems measuring 

glucose concentration within dermal interstitial fluid should theoretically detect rapid 

blood glucose concentration changes only with significant delay. As glucose diffusion 

into the interstitial space will need additional time the observable time delay might be 

even greater than in alternative site blood glucose testing.  

The correctness of the assumption that other devices measuring within the upper 

dermal compartment are prone to the AST-PHENOMENON has just recently been 

supported by Kulcu et al.. They analysed data gathered with the GlucoWatch® 

(Cygnus, USA), which measures glucose concentration within upper dermal 

interstitial fluid by a reverse iontophoretic approach, and demonstrated glucose 

kinetics nearly identical to the AST-PHENOMENON, i.e., a blunted blood glucose 

change velocity during rapid blood glucose increase and decrease [34].  

Other devices measuring within the upper dermal compartment like the non-invasive 

optical devices Diasensor® 1000 (Biocontrol Technology, USA) or Pendra™ 

(Pendragon, Switzerland) have so far not been studied with concern to the AST-

phenomenon. 

Another set of systems measure glucose within deep-dermal or subcutaneous 

interstitial fluid, e.g., CGMS™ (Medtronic MiniMed, USA), GlucoDay™ (Menarini, 

Italy), GlucOnline (Disetronic, Switzerland) or FreeStyle Navigator™ (Therasense, 

USA). Microcirculation in the deep-dermal or subcutaneous compartment is different 

to the upper dermal (subepidermal) compartment [2;35] and therefore results 

obtained in the upper dermal compartment cannot directly be transferred to this 

compartment. The data on the time delay in glucose concentration published so far is 

diverse [33;34;36]. Nevertheless, glucose kinetics in the deep dermal/ subcutaneous 

compartment have to be studied in further detail during rapid blood glucose 

concentration change.  

On the other hand, there are also possibilities that a potential delay is diminished by 

“side-effects” of the measuring techniques themselves. For example, local blood flow 
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could be increased by the subclinical skin inflammation induced by the measuring 

techniques [37].  

Therefore, it is difficult to predict wither a certain device is prone to the AST-

PHENOMENON. Any of these devices should, thus, be tested vigorously during rapid 

blood glucose concentration changes before being launched to the market.  
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