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Abstract 

Microdialysis is a sampling method that permits measurement of hormones, drugs and other 

lower molecular weight compounds present in interstitial fluid. We developed a 

straightforward mathematical model that predicts a linear relation between the reciprocal 

dialysate concentration of the analyte from the interstitium and perfusion rate, permitting 

estimation of the interstitial concentration by extrapolation to zero perfusion rate. Conversely, 

linearity between the reciprocal dialysate concentration of internal standard added to the 

perfusion medium (“retro”-dialysis), and the reciprocal perfusion rate, is predicted. In 9 

healthy volunteers, interstitial norepinephrine (NE ) was estimated by NE measurements in 

microdialysates obtained from skeletal muscle and adipose subcutaneous tissue, using 

sodium salicylate (Sal) in the perfusion buffer as internal standard, at perfusion rates of 2 and 

5 µL/min. Comparison with microdialysis in vitro by immersing the probe in a large volume of 

buffer containing NE showed that the in vivo (retro-)recovery of NE and Sal is almost 

exclusively determined by transport of NE through the interstitial space towards and Sal from 

the membrane and that membrane permeability itself plays a negligible role. This was 

supported by the observation that applying lower body negative pressure (LBNP), a measure 

that is unlikely to affect membrane permeability, resulted in a significant (p<0.05) decrease of 

Sal retro-recovery from muscle interstitium. Conclusion: This validated new model 

significantly adds to the insight into the factors determining recovery of substances from the 

interstitium in microdialysis and provides a simpler alternative to previous approaches for 

estimation of interstitial concentrations. 
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Introduction. 

In vivo concentrations of hormones, drugs and other lower molecular weight compounds in 

interstitial fluid can provide important information regarding human physiology and 

pathophysiology, but are very difficult to assess. Microdialysis is an increasingly applied 

technique and, indeed, the composition of the fluid collected by microdialysis reflects the 

composition of the interstitial compartment. However, microdialysis is hampered by 

uncertainty with regard to the recovery of the substances to be assessed.  

For example, measurement of norepinephrine in interstitial fluid of muscle and subcutaneous 

fat tissue provides a means to assess local (regional) sympathetic neuronal function in 

humans (Bruce et al., 2002). In order to provide reliable information regarding “true” 

interstitial norepinephrine concentrations, the issue of in vivo recovery needs to be resolved.  

There are a number of methods to determine recovery. The “No Net Flux” method (De Lange 

et al., 2000, Lonroth et al., 1987, Wang et al., 1993) is a theoretically valid approach to 

measure in vivo recovery, but is cumbersome to perform as it requires multiple changes of 

perfusate concentration. Moreover, physiologically active substances like NE cannot be 

infused without affecting the process of interest. On the other hand, an extremely low 

perfusion rate (Rosdahl et al., 1998) results in dialysate concentrations that are virtually 

equal to in vivo but yields such small volumes that only analytes in higher concentration or 

for which there are very sensitive assay methods, are suitable for this technique. Approaches 

that are based on the measurement of in vitro recovery and extrapolating to the in vivo 

situation by adjustment of a number of physico-chemical parameters introduces much 

uncertainty (Scheller and Kolb, 1991). Finally, the application of an internal standard in “retro” 

dialysis seems to be straightforward and relatively user-friendly. This principle is based on 

the assumption that the relative loss of perfused internal standard from the dialysate to the 

outer compartment equals the relative gain of the analyte from the outer compartment into 

the dialysate (Alberts et al., 1999, Bouw et al., 1998, De Lange et al., 2000, Scheller and 

Kolb, 1991, Wang et al., 1993). Obviously, a key assumption is that analyte and internal 

standard must have similar physicochemical properties. On the other hand, the internal 
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standard must not be too similar as it may mimic or antagonize the biological effects or 

turnover of the analyte. Until now no verifiable theoretical model has been proposed that 

accounts for the observed differences between in vitro and in vivo (retro-) recoveries and that 

defines the conditions that must be fulfilled in order to gain confidence that the principle 

equally holds for the in vitro and in vivo situations. We employed the principle of retro-dialysis 

using salicylate (Sal), an agent not applied for this purpose so far, to determine in vivo 

norepinephrine (NE) recovery. We used Sal for retro-dialysis because, due to its molecular 

size, has similar diffusion properties but can be considered as not to interfere with NE action 

and turnover.  In the present study, we validate a mathematical  model that comprises a 

simple relationship between recovery and perfusion rate, a mathematical basis for the validity 

of the retro-dialysis concept and the possibility of identification of the rate-limiting step in in 

vivo microdialysis, using measurements of NE and Sal in microdialysates obtained from in 

vivo and in vitro experiments. 

 

Methods 

Description of the model  

The “virtual local flow” model assumes that a microdialysis probe is located in a finite-sized, 

infinitely well-stirred compartment through which a constant flow of interstitial fluid carries the 

substance of interest towards the probe’s membrane outer surface and carries the perfused 

internal standard, emerging from the membrane, away from the probe (See Figure 1). In this 

way, the net effect of all transport mechanisms at the membrane-interstitium interface is 

represented as a simple, virtual flow.  As shown in the Appendix, this model can be 

described by the equation(s): 

c2/c0 = (c0’-c1’)/c0’ =1/(1+F.(1/P+1/F0))   [1,2] 

where: 

c2 = analyte (NE ) concentration in dialysate leaving the microdialysis probe 

c0 = analyte (NE ) concentration in the interstitial fluid as it enters the compartment 

surrounding the probe. Thus, c2/c0 represents the recovery of NE.  
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c0’ = internal standard (Sal) concentration in perfusate as it enters the probe 

c1’ = internal standard (Sal) concentration in dialysate leaving the microdialysis probe. Thus, 

(c0’-c1’)/c0’ represents retro-recovery (relative loss of internal standard equals relative gain of 

analyte). 

P = membrane permeability dimensioned as a flow (definition see Appendix)  

F  = perfusion rate  

F0= (virtual) flow rate of interstitial fluid through the compartment surrounding the probe. 

The following simple linear relations between dialysate concentrations of analyte or internal 

standard and perfusion rate can be derived:  

1/c2 = F.Q/c0+ 1/c0    [1a] 

and 

1/c1’ = 1/F.1/(Q.c0’) + 1/c0’   [2a] 

 

Where Q = 1/P + 1/F0 

 

Subjects 

Nine healthy volunteers, 5 male and  4 female; 21.3 ± 1.9 years (SD) of age, gave their 

written informed consent for participation in this study. Intramuscular and subcutaneous 

perfusion with Sodium Salicylate was approved by the hospital’s ethical committee. 

 

In vitro microdialysis 

After the in vivo experiment (see below), the microdialysis probe was immersed in a beaker 

containing 300 mL of 400 ng/L (2364 pMol/L) of norepinephrine, dissolved in Ringer’s 

solution. The beaker’s contents were kept at 37 oC with continuous stirring. The probe was 

perfused with a 175 mg/L solution of Sodium Salicylate at 2 or 5 µL/min. The dialysate was 

collected as below in pre-chilled micro vials.  

 

In vivo microdialysis 
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Before catheter insertion, the skin was superficially anesthetized with lidocaine. In each 

subject, CMA 60 microdialysis catheters (CMA/Microdialysis AB, Stockholm, Sweden; 

dialyzing polyamide membrane 30 mm x 0.6 mm; molecular mass cut-off of ~ 20,000 Da) 

were inserted percutaneously into resting skeletal muscle of the quadriceps of the right leg 

and into peril-umbilical subcutaneous adipose tissue. The inlet of the dialysis chamber was 

connected to a high-precision perfusion pump (model 106/7, CMA), that continuously 

perfused at fixed rates of 2 or 5 µL/min with Ringer’s solution containing 175 mg/L Sodium 

Salicylate (Sal). The dialysate was collected in timed fractions (2 µL/min, 75 min, 5 µL/min, 30 

min) in closed micro vials, to which 1.2 µL of a solution of 0.5 Mol/L glutathione and 0.625 

Mol/L EGTA had been added, on melting ice. Two consecutive dialysate samples were 

collected at 5 µL/min. The first hour after insertion of the probes and the first half hour after 

changing the flow rate the dialysate was collected but not used for further analyses. After the 

second collection at 5 µL/min, lower body negative pressure (LBNP) was applied for 30 min. 

during which again dialysate was collected at the same flow rate. A final portion of dialysate 

was collected during 30 min. after termination of LBNP. 

 

Assays 

NE was measured by HPLC with fluorometric detection as described previously (Willemsen 

et al. 1995), in 90 µL aliquots of dialysate, with a few modifications. The extraction was 

performed only once and a Waters 2475 detector was employed. For plasma, within-run 

precision ranged from 2.2 to 4.6%, between-run precision was 8.5% at a level of 1 nmol/l.   

Sodium Salicylate was measured in 60 µL aliquots of dialysate by means of Fluorescence 

Polarization Immunoassay (Abbott Diagnostics division, Hoofddorp, the Netherlands), run on 

an Abbott  TDX analyzer.  Gentisic acid (2,5-dihydroxysalicylic acid) cross-reacts in this 

assay. This would only be of importance if a significant proportion of salicylate would be 

converted to this metabolite and cross-reaction considerably exceeds 100%. Since its 

plasma level is only about 1% of total salicylate (Woodbury and Fingl 1975), i.e. after 

salicylate ingestion through the gastro-intestinal tract, considering that it is confined to the 
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interstitial space, no relevant interference is expected by this derivative. Within-run precision 

is reported to range from 1.8 to 3.8%, between-run precision from 3.2 to 7.4%.   

Operational precision, i.e. the precision that is relevant to the power of the present 

experiments, is evaluated for both assays in the Results section. 

 

Calculations 

Regression analysis of measurements of concentration vs. concentration was performed 

while taking into account residual variation in both variables. Classical least squares 

regression analysis was performed for reciprocal concentration vs. (reciprocal) perfusion 

rates. Relative residuals, expressed as percentage of the measurement range, were 

calculated for each individual curve and subsequently averaged for each value of the 

perfusion rate. The standard deviation of the averaged relative residuals was defined as a 

measure of “(non-)linearity”. A  90% confidence interval for this statistic was calculated from 

the variances of the residuals. Relationships were considered as linear, when the % non-

linearity was less than its expected upper 90% confidence limit and if this limit did not exceed 

5%. This latter criterion was added to prevent second-order error. We defined retro-recovery 

as: 100% - actual recovery (%) so that NE recovery and Sal retro-recovery can be directly 

compared. 

 

Results 

In vitro microdialysis 

At a perfusion rate of 5 µL/min, Sal (retro-) recovery ranged from 77 to 93% (mean 86%), NE 

recovery was between 75 and 98 % (mean 87%). At 2 µL/min, Sal retro-recovery was 

between 93 and 100% (mean 96%), while NE recovery ranged from 88 to 111% (mean 

99%). There was no significant difference between Sal and NE recoveries at 5 µL/min, but at 

2 µL/min NE recovery exceeded Sal recovery by 3.3%. From the recoveries at 5 µL/min the 

average permeability P was calculated as 30.2 ± 1.2 (SEM) µL/min.  
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In vivo microdialysis 

NE concentrations in dialysates of muscle tissue ranged from 322 to 593 pmol/L (mean 414 

pmol/L) at 2 µL/min and from 153 to 471 pmol/L (mean 243 pmol/L) at 5 µL/min. In dialysates 

from fat tissue NE concentrations ranged from 244 to 427 pmol/L (mean  312 pmol/L) at 2 

µL/min and from 101 to 287 pmol/L (mean 185 pmol/L) at 5 µL/min. NE concentrations in 

dialysates from muscle were higher than in dialysates from fat tissue (p<0.05). The in vivo 

recoveries, as calculated from Sal retro-recoveries showed the opposite picture: 41-67 % 

(mean 52%) and 22-39 % (mean 28%) for muscle at 2 and 5 µL/min respectively and 18-58 

% (mean 39%) respectively 10-40% (mean 22%) for fat tissue at 2 and 5 µL/min.  As a result, 

the calculated NE concentrations at 2 and 5 µL/min in muscle and fat interstitial fluid did not 

differ (ratio NE 2 µL/min :NE 5 µL/min muscle: 1.02 ± 0.115, fat: 1.11 ± 0.121), nor for the 

two types of tissue. A common range of 345-1857 pmol/L was observed. In addition, muscle 

and fat NE levels were found to be significantly correlated between subjects (r=0.75, p<0.05). 

Attainment of a steady state was ascertained by comparison of Sal and NE concentrations of 

the first 5 µL/min sampling with the second. No difference could be detected neither for Sal 

nor NE.  However, the variability in the NE levels was much higher. The mean difference 

between first and second sampling was 0.6 ± 1.6 % (SEM) for Sal and 4.9 ± 6.0 %(SEM) for 

NE. From the variation of the differences, the operational SD’s (which comprise all error 

sources within one experiment) were derived: 6.2 mg/L at a mean level of 129 mg/L for Sal 

and 39 pmol/L at an average level of 214 pmol/L for NE. 

The validity of the assumption that NE recovery equals Sal retro-recovery in vivo, (see also 

equation [3] in the Appendix), is illustrated in Figure 2. A plot of NE vs. Sal results in a 

straight line, intercepting on the Sal axis at the perfusate level of Sal of 175 mg/L. The Y-

intercepts correspond to the NE concentrations when dialysate Sal concentration  is reduced 

to 0 (i.e. 100% retro-recovery) and thus is an estimate of the true NE concentration in 

interstitial fluid in the various subjects. These estimates are used in subsequent tests to 

calculate NE recoveries at 2 and 5 µL/min. Non-linearity was 1.5% (with 4.8% as upper 90% 

confidence limit) for muscle and 3.6% (4.9%) for fat. 
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The relation between Sal and NE recovery and perfusion rate, plotted according to eqs. [1a] 

and [2a]  is illustrated in figs 3a and b. Non-linearity for the Sal recovery vs. reciprocal 

perfusion rate in muscle was 0.2% (2.4% as upper 90% confidence limit), for fat 1.6% 

(2.8%). For NE recovery vs. perfusion rate non-linearity was 1.3% (5.4%) in muscle and 

3.5% (5.1%) in fat. Estimations of c0 (NE ) using eq. [1a] from just the NE measurements at 2 

and 5 µL/min, were 1.10 ± 0.225 (SEM) times the estimates obtained using retro-recovery 

according to eq.3 and fig 2. More precise estimates of c0’ were obtained when applying the 

same procedure to Sal measurements at 2 and 5 µL/min (0.98 ± 0.036 SEM), which 

demonstrates the validity of the model with more certainty. 

A further test of the model is performed using eq. [5] (Appendix),  by means of which the 

quotient of perfusion rates is calculated from the recoveries.  Thus, for 2 and 5 µL/min ideally 

a factor 2.5 should be obtained. No differences were found between tissue type or between 

Sal and NE, although the variability of the NE estimates was higher. Actual results were: Sal: 

2.49 ± 0.11 (SEM) and  NE: 2.63 ± 0.27. Indeed, neither of these values differed significantly 

from 2.5 (p>0.5). 

 Values of Q = 1/F0 + 1/P were evaluated from the slope and intercept: Sal, muscle 0.47 ± 

0.061; fat 1.07 ± 0.26; NE, muscle 0.50 ± 0.069; fat 0.84 ± 0.24 min/µL. The value of 1/P was 

obtained from the in vitro experiment described above: 1/P= 1/30.2 = 0.033 min/µL. Although 

in fact negligible, values of F0 were obtained taking the permeability into account. Thus, for 

Sal, values for F0 in muscle 2.80 ± 0.48; fat 1.55 ± 0.32  and for NE, F0 in muscle 2.58 ± 0.44; 

fat 2.00 ± 0.40 µL/min were obtained. Estimates of F0 also can be made from retro-recovery 

measurements at a single flow rate. This was applied for the samples obtained during and 

after LBNP.  Application of LBNP induced a significant decrease of F0 by 20% in muscle, but 

not in fat. The reduction of F0 in muscle persisted after termination of LBNP. The 

consequences of these changes for the estimates of interstitial NE are shown in table 1.  
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Discussion 

Microdialysis is a sampling method permitting collection of larger quantities of low molecular 

weight substances that are present in interstitial fluid in low concentration. On the other hand, 

it is a device permitting on-line monitoring of the effects of particular interventions. The 

crucial limitation of the method is the uncertainty regarding the relation between the ambient 

concentration in the interstitial and the concentration present in the effluent dialysate 

(recovery). In the present study, we provide a mathematical model, supported by in vitro and 

in vivo measurements that explains differences between in vitro and in vivo recovery and 

describes the relationship between recovery and perfusion rate for given values of “virtual 

local flow”. The consequence of differences in recovery is illustrated by the results from 

measurements in muscle and fat tissue: dialysate concentrations of NE are higher in muscle 

than in subcutaneous fat, but the recovery obtained from measurement of Sal retro-recovery 

in muscle is higher, so that finally the apparent difference disappears. The primary factor 

determining recovery is the perfusion rate. Although it is recognized that low flow rates result 

in higher recoveries (Bungay et al., 1990, De Lange et al., 2000, Jacobson et al., 1985, 

Rosdahl et al., 1998), only few attempts have been made to propose a mathematical model 

for this relationship (Bungay et al., 1990, Jacobson et al., 1985). Moreover, these 

approaches have not been followed  in later years. The present report provides a simple and 

robust model and its stepwise validation for the measurement of subcutaneous NE levels, 

using Sal as internal standard of which the retro-recovery is used for correction of measured 

NE levels. The suitability of Sal was investigated in an in vitro experiment, which showed that 

NE recovery was equal to Sal retro-recovery. This was not completely true for a perfusion 

rate of 2 µL/min, but the slight difference probably originates from the fact that Sal values in 

the dialysate under those conditions approach zero, whereas dialysate NE level approach, 

and -due to assay variability- sometimes slightly exceed, the total concentration in the large 

volume surrounding the probe. 

The model is based on the assumption of steady-state conditions. This implies that the flow 

around the probe must not change during measurements. Steady state was confirmed by 
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collecting two consecutive samples at 5 µL/min. It is assumed that, if steady-state conditions 

hold for this relatively high perfusion rate, it most certainly will hold for lower flow rates as 

well. The model predicts that recovery and retro-recovery of substances will be equal when 

transport rates to, from, and through the membrane are equal, thus providing a theoretical 

base for what has until now just been a consensus assumption. Irrespective of the actual 

perfusion rates, this equality can be tested by plotting dialysate concentrations of NE vs. Sal 

(Figure 2). It also provides an estimate of the interstitial NE concentration which 

subsequently forms the basis for calculating NE recoveries in testing the relationship 

between (retro) recovery and perfusion rate. The requirement of p>0.1 and a 90% confidence 

interval of the percent non-linearity being below 5% , although somewhat arbitrarily, provides 

fair evidence for the linearity of the inverse relation between dialysate concentrations of Sal 

and NE as depicted in Figure 2, at least within the range of measurement. Already in this 

graph, the difference in recovery between muscle and fat becomes apparent by the different 

positions of the points on the regression line, but it is demonstrated more clearly in Figures 3 

by plotting reciprocal concentrations against flow rate (NE ) or reciprocal flow rate (Sal). The 

combined effect of local transport towards and from the dialysis probe and membrane 

permeability is derived from the slope of these lines. The value obtained for Q = 1/P + 1/F0 is 

much higher than the estimate of 1/P obtained from the in vitro experiment. Based on this 

finding, we conclude that it is the local flow carrying NE towards and Sal away from the outer 

membrane surface, rather than membrane permeability, that determines recovery. This 

remains the case even when the local flow is increased about threefold. Obviously, restriction 

of flow will lower the recovery for any given perfusion rate but will even more be the 

controlling factor rather than membrane permeability. The observations during LBNP support 

this conclusion. The decrease of F0 during and after LBNP, an intervention that does not 

affect membrane permeability, stresses the fact that conditions in the tissue surrounding the 

probe determine recovery. Therefore, there is no need for in vitro assessment of membrane 

permeability.  Rather, the fact that recovery may change following LBNP stresses the 

necessity for its assessment under in vivo conditions. Without recovery taken into account, 
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the rise in muscle NE following LBNP is considerably underestimated (Table1) and it would 

have been wrongly concluded that NE levels in muscle, both before and during LBNP are 

significantly higher than in fat.  Moreover, the difference in response to LBNP between 

muscle and fat would have been underestimated.  

The values for the virtual flow themselves, being in the order of 2 µL/min, seem to be realistic 

and fitting to the dimensions of the device and its immediate surroundings. Taking into 

account that the total outer surface of the membrane is about 60 mm2, it can be deduced that 

a hypothetical unidirectional flow rate along the membrane must be in the order of 0.3 

mm/min. In addition, the fact that the F0  value is lower for subcutaneous fat than for muscle, 

seems plausible because of the higher degree of vascularisation of muscle.  The lower F0 

value in fat and the fact that it seems unaffected by LBNP may be explained by the less 

pronounced response of fat interstitial NE to LBNP than of muscle NE.  

Once the F0 value is known, recoveries at other perfusion rates can be predicted. This will be 

particularly useful in cases where assay sensitivity is a limiting factor. In those cases there is 

a minimal amount of the substance (absolute recovery) that must be collected within a 

reasonable time. In the case of  NE from muscle tissue  it  takes at 2µL/min about 1.5 times 

longer than at 5 µL/min to collect the same amount of NE. With 1 µL/min it would require 2.5 

times longer, which is the reason that in the present study, no lower perfusion rates than 

2µL/min were applied. Thus, low perfusion rates are favorable for NE measurement, but  the 

high relative loss of Sal impairs the precision of its measurement. There are also limitations 

to the opposite side: at a perfusion rate of 10 µL/min the relative loss of Sal is only 20%. This 

is the relative difference between Sal measurements in perfusate and dialysate that must be 

used for correction of measured NE to estimate the true subcutaneous NE level. The 

precision of this number is 2.5  times less than if obtained at 2 µL/min when the relative 

difference is more than 50%.  

The model offers the possibility for estimating the interstitial analyte concentration just from 

estimates at two or more different perfusion rates, without retro-recovery measurements. 

Comparison of NE values obtained in this way with those estimated according to Figure 2 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 10, 2006 as DOI: 10.1124/jpet.106.109710

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#109710 

 

 

14

seem to confirm this. However, with a NE measurement performed near its limit of detection, 

this approach is hardly precise enough to draw a firm conclusion. On the other hand, the 

principle was proven with certainty to hold for Sal and probably will work for analytes present 

in the interstitium for which assay precision is not a limiting factor. Where assay sensitivity is 

limiting, the application of Sal to measure recovery provides an elegant solution, especially 

with interstitial NE. 

Finally, there is evidence that this model not only applies to the present experimental context. 

In a recent study (Ekberg et al., 2005), glucose recovery was measured in microdialysates 

from subcutaneous fat tissue using the same equipment as in the present report, at perfusion 

rates ranging from 0.3 to 5 µL/min. The authors, being unaware of the relationship underlying 

the present model, presented corresponding recovery results from which the only semi-

quantitative conclusion was drawn that the lowest perfusion rate leads to the highest 

recovery. These independent data, taken from that paper, were plotted by us according to 

the virtual local flow model. A perfectly linear relationship displaying a scatter of less than 3% 

about the regression line was obtained. 

In summary, a theoretical model for subcutaneous microdialysis has been presented that not 

only provides a theoretical basis to the assumption of the equality of recovery and retro-

recovery but also adequately describes the relation between (retro) recovery and perfusion 

rate, permitting optimization of assay precision. In addition, the model permits identification of 

the rate-limiting step in transfer of the analyte from the interstitium into the dialysate and 

unveils the fact that membrane permeability plays a negligible role in interstitial microdialysis. 

Finally, it provides a means to estimate interstitial concentrations of analytes from 

measurements performed at different perfusion rates, without the necessity of separate 

estimation of recovery. 
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 Legends for Figures 

 

Figure 1 

Schematic representation of interstitial microdialysis according to the virtual local flow model. 

NE = Norepinephrine, Sal = Sodium Salicylate 

 

 

Figure 2 

Plots of dialysate NE vs. dialysate Sal (n=9, mean ± SEM), for muscle (closed circles, solid 

regression line) and fat subcutaneous (open circles, dashed regression line) tissue.  

At Sal = 0, NE values were obtained by extrapolation.  

 

Figure 3 

a. Plots of reciprocal Sal concentration (n=9, mean ± SEM) vs. reciprocal perfusion flow rate 

for muscle (closed circles) and fat subcutaneous (open circles) tissue.  

b. Plots of reciprocal NE concentration (n=9, mean ± SEM) vs. perfusion flow rate for muscle 

(closed circles) and fat subcutaneous (open circles) tissue. The NE values at zero perfusion 

rate were obtained by extrapolation as shown in figure 2. 
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Table 

 

  Muscle Fat 
  basal LBNP % increase basal LBNP % increase 

recovery % 30.1 25.6 -14.81 21.92 21.82 -0.2 
SEM  2.0 2.0  3.4 3.4  

NE dialysate nmol/l 243 337 38.71 1852 2222 20.01,2 
SEM  24.1 35.5  15.1 21.5  

NE in vivo nmol/l 848 1414 66.81 1055 1225 16.21,2 
SEM  108.0 210.6  189.2 187.4  

 

Table 1 

Effect of LBNP on NE recovery, NE concentration in microdialysate and estimate of 

interstitial (in vivo) NE by correction for recovery . 

1 : Significant (p<0.05) difference between basal and LBNP condition 

2 : Significant (p<0.05) difference between muscle and fat tissue 
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Appendix 

For a graphical representation of the model see figure1.  

Let the (virtual) flow of interstitial fluid be F0, the analyte concentration as it enters the 

compartment c0, and as it leaves c1. At the opposite side of the membrane, i.e. inside the 

probe, the analyte concentration is c2. The analyte mass traversing the membrane per unit 

time is P.(c1-c2), i.e. the permeability P of the membrane (comprising membrane area, 

thickness, diffusion coefficient, channel tortuosity etc.) times the concentration gradient over 

the membrane, which in a steady state must equal F0.(c0-c1), which is the net loss of mass 

from the compartment per unit time. This in turn must be equal to the mass transported away 

from the membrane inner surface by the perfusate, which runs with a flow F and will 

therefore be equal to F.c2. 

The analyte concentration at the membrane outside, c1, can be eliminated from these two 

mass balance equations, leading to the following simple expression for the relation between 

c2 and c0, the perfusate and in vivo concentrations of the analyte respectively: 

 

c2/c0 = 1/(1+F.(1/P+1/F0))     [1] 

 

The internal standard is perfused with a concentration c0’ and migrates through the 

membrane into the interstitial compartment, which leads to a lower concentration c1’ in the 

perfusate leaving the probe towards the collection device. The concentration of internal 

standard in the interstitial fluid entering the surrounding medium is zero. It leaves the 

compartment at a concentration c2’, which is also the concentration at the membrane outside. 

Applying the mass balance principle again, F0.c2’, P.(c1’- c2’) and F.(c0’- c1’) must be equal. 

The concentration at which the standard leaves the interstitial compartment, c2’ can be 

eliminated, which leads to the expression: 

 

(c0’-c1’)/c0’ =1/(1+F.(1/P+1/F0))     [2] 
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Comparison of [1] and [2] immediately shows under what conditions recovery by retrodialysis 

accurately reflects analyte recovery: membrane permeability P as well as virtual flow F0 must 

be equal. Of course the latter would be violated if the analyte is either interstitially produced 

or metabolised. If analyte and standard would have different diffusion coefficients, membrane 

permeabilities will not be equal, and also virtual flow might differ if it in fact depends for an 

important part on diffusion. This risk is reduced by choosing a standard with physicochemical 

properties similar to that of the analyte. 

If these conditions are fulfilled, the estimates of c0 made by applying: 

 

c0 = c2.c0’/(c0’- c1’)     [3] 

 

will be independent of perfusion rate. Vice versa, if the estimates are independent of 

perfusion rate, it proves that 1/P + 1/F0 are equal for analyte and standard. Another way of 

verifying the assumption is obtained when rearranging [3] to: 

 

c1’ =  - c2.c0’/c0 + c0'     [4] 

 

This means that when the dialysate concentrations of internal standard (c1’) and analyte (c2), 

as measured at different perfusion rates, are plotted against each other, one should obtain a 

straight line intercepting the y and x-axes at c0’ and c0 respectively.   

Moreover, [2] can be applied for different perfusion rates Fa and Fb separately. Then, by 

elimination of 1/P + 1/F0 from the resulting expressions, one obtains: 

 

Fa/Fb = c1’a/c1’b.(c0’- c1’b)/(c0’- c1’a)                                           [5] 

 

If the estimated Fa/Fb matches the quotient of actual applied perfusion rates, this further 

supports the validity of the model. 
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Further the model describes and predicts the relation between perfusion rate F and dialysate 

concentrations of analyte and standard, which may be used to calculate values for 1/P + 1/F0 

in different situations. This can be done by rearranging [1] or [2] to a reciprocal form: 

 

1/c2 = F.Q/c0+ 1/c0                   [1a] 

and 

1/c1’ = 1/F.1/(Q.c0’) + 1/c0’          [2a] 

 

where Q = 1/F0 + 1/P 

 

From plots of 1/c2 as a function of F, or 1/c1’ against 1/F,  independent estimates of Q, c0 and 

c0’ can be obtained. Since a plot of 1/c2 as a function of perfusion rate can be made 

independent of the retrodialysis measurements, this in principle would obviate the need for 

applying internal standardisation.  

An in vitro experiment may be conducted under simplifying conditions. The probe is 

immersed in a large, well-stirred volume of a solution of the analyte. The internal standard is 

perfused through the dialysis probe, allowing to pass the membrane into the surrounding 

solution where it is immediately carried away from the membrane surface. Thus, the internal 

standard concentration on the outside is virtually zero and remains negligible when the 

solution is renewed between experiments. Simultaneously, analyte is taken up from the 

surrounding solution and carried away in the dialysate without noticeable decrease of the 

analyte concentration in the outside solution, because of its large volume. These conditions 

are equivalent to those of an infinitely large value for F0, so that 1/F0 is zero. Thus, 

membrane permeability is rate-limiting and P, which has the dimension of flow, can be 

assessed, and compared with in vivo estimates of 1/P + 1/F0, thus providing insight into what 

factor is rate-limiting for the uptake of analyte from the medium surrounding the probe under 

in vivo conditions. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 10, 2006 as DOI: 10.1124/jpet.106.109710

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

