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a b s t r a c t

A large degree of variability for batched analysis of serially collected microdialysis samples measured
with the CMA 600 analyser has been described. This study was designed to identify sources of variability
related to sample handling.

Standard concentrations of four solutes were placed in microdialysis vials and then stored and analysed
at intervals. Results were analysed for variability related to vial and cap type, duration and temperature
of storage, centrifugation and re-analysis.

The main results were that centrifugation of samples reduced variability. When a batch of 24 samples
was analysed, the use of crimp caps reduced evaporation. Samples in glass vials with crimp caps could be
stored in a refrigerator for up to 14 days without large variability in concentration compared to plastic vials
which demonstrated variability already when stored for more than 1 day. We conclude that variability in
microdialysis results can occur in relation to storage and analysis routines if routines are not optimised

concerning evaporation. Centrifugation before analyses, glass vials with crimp caps even during frozen
storage, and attention to minimal times for samples to be uncapped during analysis all contribute to
minimise variability in the handling and analysis of microdialysis samples.
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. Introduction

Microdialysis is a mean of sampling substances from the body
o help clinicians determine well being or metabolic conditions by
roviding serial biochemical samples from a catheter which lies
ithin the substance of an organ [1–3]. Microdialysis sampling

nd analysis is very commonly employed for evaluation of phys-
ological and pharmacologic scientific questions [4–11] with 3895
esponses to Medline search for microdialysis until 2007. Still, there
s uncertainty concerning variability in microdialysis results related
o sampling and sample handling.

Current commercial microdialysis systems are equipped for
ample collection, handling, and analysis of small molecules includ-
ng glucose, lactate, pyruvate and glycerol as markers of cell injury
r well being. Sample collection is based on passive diffusion
hrough a semi-permeable membrane placed at the end of a
atheter (in vivo) [1–3]. The CMA 600 analyser is a bedside analyser

ften used in clinical research. The CMA 600 analyser uses enzy-
atic reagents and colorimetric measurements of the microdialysis

amples [12].
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In previous experimental studies in our own laboratory, we have
oted variability in results for microdialysis samples that were
nalysed in standard batches using the CMA 600 analyser. Specific
spects of sample handling and analysis routines may contribute
o variability or error in results, and in particular there is con-
ern about evaporation. Identification of sources of error and thus
ew strategies for elimination or reduction or error related to sam-
ling would improve the precision and accuracy of microdialysis
esults. Therefore, we have set out to identify sources of variabil-
ty in results related to sample storage, handling, and analysis. We
pecifically aimed to do this by analysing standardised microdial-
sis samples in batches related to vial type, capping and cap type
efore and during analysis, centrifugation, re-analysis, and storage
onditions.

. Materials and methods

Standardised solutions for glucose, lactate, pyruvate and glyc-
rol, all in ‘low’, ‘medium’ and ‘high’ concentrations (Fig. 1) were
sed as ‘test’ samples. Each ‘batch’ comprised 24 samples (vials),

nd each vial was prepared with 20 �l of the respective standard
olution. All samples were analysed in a CMA 600 analyser (CMA
icrodialsysis, Solna, Sweden). All samples (except when specifi-

ally noted, in the case of refrigeration) were stored in the same
reezer at −20 ◦C.

http://www.sciencedirect.com/science/journal/07317085
mailto:pernilla.abrahamsson@anestesi.umu.se
dx.doi.org/10.1016/j.jpba.2008.08.010
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ig. 1. Concentrations of different substances and how they were analysed, stored
edium or high standard solution of glucose, lactate, pyruvate and glycerol, respec

.1. Drift and re-analyses

All solutions were prepared in batches using plastic vials (CMA,
icrodialysis, Solna, Sweden) with same/single concentration in

ach whole batch. Each test started with immediate analysis of
atch A0. After analysis, the samples were stored in a freezer for
days, and then re-analysed (A3). The same samples were then

tored in the freezer for 60 days, and then re-analysed (A60). The
ame procedure was performed for the ‘low’. ‘medium’, and ‘high’
oncentrations of each substance.

.2. Storage at −20 ◦C

Samples were placed in plastic vials without crimp caps. Two
atches of each solution were prepared in vials on Day 0 and then
tored in a freezer for 3 (B3, E3 and H3) or 60 days (C60, F60 and
60) before analysis. These results were compared with analyses on
ay 0 (A0, D0 and G0).

.3. Centrifugation

A group of samples prepared and handled in the same way as
atch B3 was centrifuged (Mini Galaxy, VWR, West Chester, PA,
SA) for 30 s before analyses. These samples were restored in a

reezer for 60 days and then analysed again after centrifugation.
hese results were compared with results for analyses of B3 and
60.

.4. Vial materials, different caps

One batch of ‘low’ concentration solution was prepared and
laced in plastic vials with crimp caps (Chromacol, CT, USA), glass
ials (Chromacol, CT, USA) with crimp caps, and microvials (CMA
icrodialysis, Solna, Sweden). The vials were centrifuged for 30 s

efore analysis. After analysis, they were stored in a freezer for 3
ays and then re-analysed.
.5. Storage with plastic or glass vials and crimp cap vs
icrovials, freezer or refrigerator

Plastic vials and glass vials both with crimp caps (Fig. 2) were
tored in a refrigerator or a freezer. Microvials were stored only

o
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w
s
d

re-analysed. Each batch contained 24 samples with 20 �l sample volume of low,

n the freezer. Five batches containing ‘low’ concentration solution
ere prepared in plastic and glass vials. One batch from plastic and

lass vials was analysed on Days 0, 1, 2, 3 and 14 after storage in a
efrigerator. All samples were centrifuged before analysis. Batches
ith plastic vials, microvials, and glass vials were stored in a freezer

or 70 days and then centrifuged and analysed.

.6. Calculations and statistics

To calculate the relation of time for samples in each batch
n the analysis machine to measured concentration (drift),
inear regression analysis was performed (Fig. 3A). An esti-

ation of the maximal time effect on concentration was
resented as the difference between the intercepts of the regres-
ion line at time 0 and time at 192 min. The concentration
hange in percent (drift, %) was calculated as (absolute drift/Y-
ntercept) × 100.

To calculate variation we subtracted each sample value from
he corresponding part of the regression line. We then added the
tart value, Y-intercept, to each calculated difference; this was func-
ionally the same as placing the regression line, on the zero-level,
nd then adding the start value (Fig. 3B). This was done for both
atches (Days 0 and 3) which enabled us to calculate the differ-
nce between mean concentrations for each batch (after correction
or drift). Calculations of standard deviation (S.D.) and coefficient
f variation (CV) for each batch were performed. Measured values
re presented as mean ± S.D. Independent samples t-test between
roups was used for testing for differences in mean concentra-
ion between two batches. A p value of less than 0.05 was used
or statistical significance. The analyses were performed with the
PSS software package (version 14.0; SPSS, Inc., Chicago, IL, USA).
he one-sample Kolmogorov–Smirnov test was used to determine
ormality in results distribution.

. Results

All results presented are for samples with ‘low’ concentrations

f glucose, lactate, pyruvate and glycerol with the exception of the
rst results section (drift and re-analyses) where there in addition
ere analysis for ‘medium’ and ‘high’ concentrations. In total, 1248

eparate measurements were performed and analysed. All results
emonstrated a normal distribution.
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Table 1
Plastic vials without crimp cap (freezer 3 days).

Days in freezer Mean concentration CV (%) Drift (%)

0 3 0 3 0 3

Plastic vials
Glucose (mM) 0.39 ± 0.01 0.48 ± 0.02* 1.6 3.4 12.3 19.9
Lactate (mM) 0.89 ± 0.02 1.11 ± 0.04* 3.1 3.8 15.3 15.9
Pyruvate (�M) 109 ± 3.0 129 ± 5.8* 2.7 4.5 15.8 24.7
Glycerol (�M) 94 ± 2.9 111 ± 5.4* 3.1 4.9 17.0 22.6

F
t

ig. 2. Concentrations of different substances and how they were analysed and stor
f glucose, lactate, pyruvate and glycerol, respectively.

.1. Drift and re-analyses

The temperature inside the CMA 600 analyser was measured to
e 27 ◦C. Programmed batch analyses of 24 samples over 192 min
howed a difference in concentration (drift) of 12–25% for the four
ubstances (Table 1). Differences between mean concentrations
ange from 18% to 25%, with significantly higher values on Day

compared to Day 0 when re-analysing the same samples. The
oefficient of variation (CV) between samples was higher for Day 3

ompared to Day 0 for all substances. Similar results were obtained
hen analysing ‘medium’ and ‘high’ concentrations of the sub-

tances but they are not presented in the interest of clarity and
revity.

*

d

ig. 3. Example of calculations made for each batch analysis of 24 samples, calculating t
wo batches.
p < 0.05 using between groups t-test, mean ± S.D., coefficient variation (CV, %) and
rift (%).

he drift and spread of each batch and the difference in concentration between the
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Fig. 5. Samples with glucose that were centrifuged (centrifuged on Day 3) compared
to samples that were not centrifuged (B3).

Table 2
Plastic vials with crimp cap, microvials and glass vials with crimp cap (freezer 3
days)

Days in freezer Mean concentration CV (%) Drift (%)

0 3 0 3 0 3

Plastic vials
Glucose (mM) 0.42 ± 0.01 0.47 ± 0.04* 2.4 5.7 1.4 7.4
Lactate (mM) 1.04 ± 0.03 1.28 ± 0.08* 3.2 5.9 −2.0 0.6
Pyruvate (�M) 147 ± 3.4 165 ± 13.4* 2.3 8.1 2.8 11.0
Glycerol (�M) 132 ± 1.9 157 ± 6.9* 1.4 4.4 3.9 4.4

Microvials
Glucose (mM) 0.39 ± 0.004 0.50 ± 0.02* 1.1 3.6 0.1 −11.4
Lactate (mM) 0.95 ± 0.02 1.17 ± 0.04* 2.5 3.4 3.4 −11.7
Pyruvate (�M) 142 ± 2.3 162 ± 5.8* 1.6 3.6 0.8 −11.9
Glycerol (�M) 129 ± 1.9 139 ± 5.2* 1.5 3.8 3.9 4.4

Glass vials
Glucose (mM) 0.44 ± 0.01 0.46 ± 0.01* 1.9 2.1 −0.2 4.9
Lactate (mM) 0.99 ± 0.04 1.13 ± 0.02* 4.2 1.6 −0.6 2.5

F
s

ig. 4. This figure shows drift for one 24-vial batch of glucose (low concentration)
n Day 0 (A0, 12.3% drift) and on Day 60 (C60, 16.3% drift) after storage in a freezer.

.2. Freezer storage (−20 ◦C)

There was no difference in concentration observed for any of
he substances when the samples were stored in −20 ◦C for 60 days
ompared to Day 0 (Fig. 4).

.3. Centrifugation

Variation between samples in one batch was reduced with cen-
rifugation (Fig. 5). The CV for the samples without centrifugation
B3) was 3.6% (glucose), 4.3% (lactate), 2.6% (pyruvate), and 3.6%
glycerol), respectively. After centrifugation before the correspond-
ng analyses on Day 3, the CVs were reduced to 1.0, 1.2, 1.4, and 2.8%,
espectively.

.4. Vial materials, different caps

Drift during batch analysis was the same between the different

ials on Day 0 (Table 2). After 3 days in the freezer, samples in plastic
ials with crimp cap and microvials had a larger change in concen-
ration in glucose and pyruvate compared to those stored in glass
ials with crimp cap. Also, there was an isolated change in lactate
oncentration in microvials at 3 days, −20 ◦C. The main finding here

Pyruvate (�M) 147 ± 2.5 161 ± 3.5* 1.7 2.2 −2.1 5.4
Glycerol (�M) 121 ± 2.6 145 ± 5.1* 2.1 3.5 0.3 −2.8

*Sign p < 0.05 using between groups t-test, mean ± S.D., coefficient variation (CV, %)
and drift (%).

ig. 6. Analyses of glucose. The left panel shows the results from samples analysed on Day 0 and samples stored in plastic vials in a refrigerator for 3 days. The right panel
hows the results from samples analysed on Day 0 and samples stored in glass vials in a refrigerator for 14 days.
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Table 3
Long- term freezer storage, plastic vials with crimp cap, microvials and glass vials
with crimp cap

Day Drift (%) Difference (%) CV (%)
70 0/70 70

Plastic vials
Glucose (mM) 31.0 88 33.7
Lactate (mM) 29.5 96 35.0
Pyruvate (�M) 31.7 77 28.7
Glycerol (�M) 31.9 94 31.3

Microvials
Glucose (mM) −1.5 11 7.6
Lactate (mM) −1.3 13 10.0
Pyruvate (�M) −0.3 4 4.2
Glycerol (�M) −3.7 −6 5.9

Glass vials
Glucose (mM) −0.3 −6 2.5
Lactate (mM) −1.9 22 5.3
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Pyruvate (�M) −2.6 6 2.0
Glycerol (�M) −2.1 9 1.6

oefficient variation (CV) (%).

as that re-analysis of all samples was associated with higher con-
entrations. The largest difference (30%) between samples analysed
n Day 0 and then re-analysed on Day 3 was for glucose stored in
icrovials. The corresponding difference for glucose stored in glass

ials with crimp cap was only 5%. There was less drift in plastic vials
ith crimp cap on Days 0 and 3 compared to the same vials with-

ut crimp cap Days 0 and 3 (Table 1). Notably, there was apparent
inus drift (approximately 11%) for three of the four substances in
icrovials suggesting dilution or water addition to the samples.

.5. Storage with plastic or glass vials and crimp cap vs
icrovials, freezer or refrigerator

Microdialysis samples in plastic vials with crimp cap demon-
trated large changes in concentrations when they were stored
or 3 days in a refrigerator (+4 to 6 ◦C) (Fig. 6, left panel). Glucose
esults are shown in Fig. 6 (right panel), and all four substances
ere unchanged in concentration in glass vials with crimp cap for
p to 14 days in the refrigerator.

The results of freezer storage at −20 ◦C for 70 days (Table 3)
howed that the variation was related to type of vial and cap.
amples in plastic vials with crimp cap showed increases in mean
oncentration of 77–96% after freezer storage. The corresponding
ean concentration difference for glass vials ranged from −6% to

2% and for microvials 6–13%. The size of the CV differed in rela-
ion to type of vials: plastic vials 29–35%, microvials 4.2–10.0%, and
lass vials 1.6–5.3%.

. Discussion

Of the effects of sample handling and storage on the repro-
ucibility of microdialysis results, we found large differences in
easured sample concentrations related to specific steps in sam-

le handling that were alarming. This is new information, and
mproved understanding of systematic sources of error related to
ampling should help investigators using this method improve their
eproducibility and certainty concerning producing results. We
nitiated this study due to concern particularly for sample distur-
ances related to storage of microdialysis samples, but the findings

ere that storage in a freezer by itself did not affect the micro-
ialysate. Unexpectedly, we found that the main contributor to
ariability in results occurred during longer batch analysis. With
his study design, analysis of one batch occurred over 192 min, and
he temperature in the analyser was 27 ◦C. These conditions are

s
r
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ikely to be common among investigators who employ microdialy-
is methods.

Steps in the sample handling and analysis process which clearly
ontributed to variability included plastic vials with crimp cap, caps
hich have been penetrated for previous analysis for all vial types,

nd absence of centrifugation. Of these, the prominent negative
nfluence of the drift on variability during batch analysis was most
nappreciated by us before the study.

The process which led to drift was evaporation. Evaporation is
erhaps unavoidable, but steps can be taken to minimise its effects
n microdialysis samples. Evaporation occurs in direct relation to
ater exposure to air, temperature and the partial pressure of water

n the air. We presume evaporative processes here, though we have
ot measured evaporation directly. Steps which limit evaporation

nclude restriction of contact of water with surrounding air, and
ll aspects of the microdialysis sample environment are relevant.
ial material probably is not a factor here when considering plas-

ic or glass vials, but, the degree of air-tight seal between the vial
nd the cap is very relevant, as shown by results for plastic vials
nd subjectively imperfect seals with crimp caps. Also, caps which
llow analysis by penetration of a needle in the analysis machine
ut remain in place were demonstrated in our results to be not air
ight afterward.

A notable secondary finding was that there seemed to be
oncentration decreases indicative of possible water capture for
amples place in the freezer. This finding warrants further inves-
igation, but if true, then evaporation is not the only source of
ariability related to water transit and microdialysis samples.
hese preliminary results allow speculation that water vapour is
ntrapped in the vials during freezing, leading to dilution at analy-
is.

Alternative mechanisms include possible alteration of total
mounts of measured substances in solute during sample handling.
his study was not designed to identify specific mechanisms of con-
entration changes, and another study design would be needed to
onfirm or refute these, and one area of focus could be to follow
mounts of water as well as solutes through the sample handling
rocess.

There are very few published results for reproducibility in
icrodialysis related to sample handling and storage. In an earlier

nvestigation of microdialysis results variability performed in our
ab, it was noted that 48 min analysis time (for glucose) for a batch in
he same apparatus produced results with minimal variability [12].
rift during analysis occurred for 192 min batches, and where sig-
ificant drift may begin to occur had not been defined by our results.
he manufacturer has issued some guidance concerning sample
andling. The product description for the CMA Microdialysis sys-
em recommends that microdialysis samples should be stored in a
70 ◦C freezer. This recommendation is based on the observation

hat pyruvate concentrations in microvials already after 40 days
n a −20 ◦C freezer were reduced by 15%. However, in our study

hen samples were stored in a −20 ◦C freezer for 70 days, pyru-
ate samples concentration in microvials and glass vials with caps
ere 4% and 6% higher compared to values on Day 0 (shown in

able 3), which is expected if a small amount of evaporation occurs.
ur findings suggest that pyruvate sample integrity can be main-

ained in a −20 ◦C freezer for over months as long as they are stored
n microvials or glass vials with crimp cap. At the same time, we
bserved increases in concentrations in lactate both in microvials
nd glass vials with crimp cap after 70 days in the freezer.
Concerning study design and limitation we chose standardised
tart concentrations as a surrogate for assessment of evaporation
ather than sample weight. This was because we judged weight
easurement in frozen microdialysis vials to be too imprecise as
specific assessment of sample volume. In future studies, weight
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ight provide additional support for assessment of evaporative
vents, and should be considered as a supplementary method. Con-
erning vial materials and matching of vials and caps, we did not
est plastic vials with plastic caps. This was because we limited our
tudy to vials and caps which could be placed directly into the anal-
ser. Plastic caps must be changed to another cap (crimp cap, if a
ap is to be used) before larger batch analysis. We noted benefi-
ial results for centrifugation, and presume that this was related to
eduction of microbubbles in the solutions. Presence of microbub-
les in samples was not tested directly, and this mechanism for
enefit needs to be confirmed.

Our findings have clinical implications which have led us change
ur routines concerning microdialysis sample handling and analy-
is with the CMA 600 analyser. Implications are that optimisation of
torage with minimal dehydration related to storage time or tem-
erature and minimising of evaporation during the analysis process
re needed for all applications of microdialysis where evaporation
an occur. Other implications based on our findings include the
ollowing. All samples that are stored before analysis should be

entrifuged. Glass vials with crimp cap should be used as often
s possible (non-clinical settings) since they are more robust in
esisting evaporative processes. Samples collected in glass vials
ith crimp cap are considered “consumed” after analyses because

ignificant evaporation occurs later if the crimp caps have been

[

[

[

nd Biomedical Analysis 48 (2008) 940–945 945

enetrated. 70 days storage at −20 ◦C as well as glass vial with
rimp cap storage for 14 days at 4–6 ◦C do not by themselves lead
o significant evaporation. Finally, all microdialysis samples in any
pecific study should be handled and analysed in a standardised
ay.
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