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RESEARCH ARTICLE

A continuous-flow perfusion system
for the maintenance and NMR study
of small tissue samples in vitro

Abstract To describe and evaluate a
novel perfusion system developed to
maintain excised tissue in a flowing,
oxygenated bathing solution during
acquisition of nuclear magnetic
resonance (NMR) data, and in
addition allow precise data to be
acquired continuously while altering
the composition of the bathing
solution surrounding the tissue. A
chamber to house the tissue sample
was constructed of interlocking
sections of polyethylene tubing, and
had approximate internal dimensions
of 4mm in diameter and 4 mm in
height. Temperature-controlled,
physiologically appropriate buffer
solution was pumped via an infusion
pump through the chamber, entering
and exiting by way of small openings
on either end. Immediately
surrounding the polyethylene
chamber was a tight-fitting four-loop
solenoid RF coil. Measured proton
NMR parameters were found to be

fairly insensitive to the flow rate of
the buffer if this coil was used only
for reception and a larger-volume
transmit-only coil was used for
excitation. Temperature control of
the sample was successfully
implemented between 25 and 40°C.
The perfusion system was found to
be resistant to the effects of flow rate,
as well as a useful tool for the
administration of drugs or agents to
the tissue. Changes in buffer
composition could be performed on
the fly without the need to reposition
the sample each time a change was
made. This avoidance of
repositioning was found to yield a
fivefold improvement in the precision
of T; spectral parameters (using frog
sciatic nerve as a sample).

Keywords NMR spectroscopy
In vitro - Tissue - Perfusion - T»
relaxation

Introduction

Samples of excised tissue are frequently studied in vitro to
better understand the nuclear magnetic resonance (NMR)
characteristics and properties of the tissue. Non-imaging,
in vitro proton studies of relaxation and diffusion are gen-
erally performed in one of two conditions: with the tissue
placed in an NMR tube and submersed in a static buffer
solution, or with the tissue covered by a sealant to prevent
dehydration [1-9]. The continuous perfusion of tissue is
often avoided because of possible flow-related distortions
to measured parameters. This paper describes a system

that continuously supplies a fresh, oxygenated buffer solu-
tion to an excised tissue sample throughout the course of
an NMR study, together with a coil configuration resistant
to the detrimental effects of buffer motion. Brief reports
of preliminary studies have been published [10, 11].

Materials and methods

Chambers to house the tissue samples to be studied were
constructed from two types of material: one was machined
from polycarbonate and a second assembled from interlocking
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sections of polyethylene tubing. Both types of chamber were
cylindrical, having inner dimensions of approximately 4 mm in
diameter and 4 mm in height. These dimensions were appropri-
ate for the tissue samples evaluated for test purposes in this study,
but could be varied to accommodate samples of different sizes.
Polyethylene tubing, having an internal diameter of approx-
imately 0.8 mm, was pressure-fitted to the chambers through
holes in either end to allow a physiologically appropriate buffer
solution to flow through the chamber and around the tissue
(Fig. 1a). These pressure-fits were sufficient to maintain a leak-
proof system without any sealing agents. The solution was forced
through the chamber against gravity by a dual infusion pump
(KD Scientific Inc., Model 210) located approximately 4 m from
the magnet. The pump maintained a constant flow rate that was
varied between Oml/h and 21 ml/h, and could continue unin-
terrupted for as long as the syringe reservoir (60 ml) lasted. A
manual valve, which could select one of two solutions to flow
through the chamber, was placed in the inflow tubing approxi-
mately 15 cm before the chamber. By adjusting the valve it was
possible to change the solution flowing through the chamber
within approximately 30 s. For comparison, during a different set
of studies designed to assess the precision of measured param-
eters, samples of tissue were placed in a 5-mm NMR tube con-
taining a buffer solution.

The tissue used to evaluate the system was sciatic nerve taken
from Xenopus laevis, the African clawed frog, although any ex-
cised tissue in general could be studied with this system. Frog
sciatic nerve was chosen, as it has a well-characterized multi-
component T> spectrum [9,12] that can serve to assess perfor-
mance of the system. Details regarding sample preparation and
buffer solution may be found in the literature [12]. The results
from all the frog nerve experiments that are presented in this
work were obtained while bathed in a solution at room tem-
perature (~20°C). All animal procedures were approved by the
Health Sciences Animal Policy and Welfare Committee of our
institute.

Frog sciatic nerve has been reported to have an oxygen
consumption rate of 6-12 x 10~% mol/h/g (dry weight) at 20°C
[13-15], corresponding to an estimated consumption rate of
40-80 x 10~° mol/h for a typical nerve sample (estimated at just
under 7mg dry weight) used in our studies. Allowing a buffer
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Fig. 1 Schematic of single-coil (a) and two-coil (b) systems for excita-
tion and reception of RF signals. In both systems a valve (not shown
and outside of the RF transmit coil), which allows for the switching
between different buffer solutions, is included in the inflow tubing

solution whose oxygen content was initially at equilibrium with
room air at atmospheric pressure (pO, = 159 mmHg) to deplete
through consumption to 40 mmHg would deliver approximately
1.5 x 10~ moles of oxygen per millilitre of solution. Thus, an
adequate delivery of oxygen would require a flow rate of 0.27—
0.54 ml/h. If one were to use such a flow rate, 30-60 min would
be required for 99% replacement of the previous buffer when
switching from one solution to another (based on the given
dimensions of the chamber, and assuming a well-stirred solu-
tion). We thus used typical flow rates of 5-8 ml/h that afforded
sufficient oxygenation of the tissue, a reasonable switching time
(2-3min), and the avoidance of turbulence that might disturb
the tissue with a higher flow rate. Rat sciatic nerve at 35°C has
been reported [16] to have an oxygen consumption rate of four
to eight times that of frog nerve, thus requiring a flow rate of up
to 4 ml/h. Additional oxygen could be supplied, if warranted, by
further increasing the flow rate, and/or by saturating the buffer
solution with pure oxygen at atmospheric pressure.

For all experiments performed, the perfusion chamber was
centred in the bore of a 3-T, 80-cm-bore, whole-body NMR
system controlled by an SMIS console. In an attempt to allow
accurate data acquisition during continuous buffer flow, an RF
system was developed in which a larger volume coil surrounded
the entire chamber apparatus, and a smaller, four-loop, tight-
fitting solenoid coil surrounded the chamber (Fig. 1b). During
some studies, the smaller coil both transmitted and received RF
signals (single-coil system), while during others, the larger vol-
ume coil transmitted and the smaller coil received the signals
(two-coil system). The larger was a shielded birdcage coil hav-
ing 16 elements and active decoupling circuitry to turn it off
during RF acquisition by the smaller coil. The dimensions of
the larger coil were approximately 7.3 cm in diameter (at the ele-
ments), 12.3 cm in length, with a shield diameter of 11 cm. The
smaller coil was equipped with a crossed-diode circuit to pre-
vent interaction of the coils during transmission by the larger
coil [17]. Both RF coils used in this study were manufactured
in house. The exact dimensions of the coils are not important,
provided the transmit coil can provide a uniform B over the
entire chamber and a sufficient length of the inflow tubing.

When it was desired to increase the temperature of the buffer
solution flowing through the chamber above ambient, a section
of the polyethylene tubing that supplied solution to the chamber
was passed through a circulating water bath located just outside
the chamber. Water to the bath was supplied through insu-
lated 1-cm-diameter polyethylene tubing that passed through a
variable-temperature heating system located outside of the mag-
net. To monitor the chamber temperature, a fibre-optic temper-
ature sensor (Model FOT-M, FISO Technologies) was placed
in the tubing immediately beyond the outflow opening of the
chamber. Using the temperature-control system as described,
temperatures of up to 40°C in the chamber could be achieved
and maintained with a variation of <4 1°C. The temperature
within the chamber stabilized within approximately 10 min fol-
lowing selection of a new bath temperature.

Transverse-relaxation decay curves were acquired using a
phase-cycled Carr—Purcell-Meiboom-Gill (CPMG) sequence
that included 4, 8, or 16 averages and transformed into T>-relax-
ation spectra using nonnegative least-squares (NNLS) analysis
[18], details of which may be found in the literature [12].
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Results and discussion
Perfusion chamber material

Transverse-relaxation spectra were obtained for the two
types of chamber (polycarbonate and polyethylene) while
perfused with water at flow rates of 5-8 ml/h. The single-
coil system was used for this experiment, and no tissue
was present. Both chambers yielded the expected T» spec-
tral line at approximately 1600 ms resulting from the water
protons. However, the polycarbonate chamber produced
artifactual T lines (over 10% of the total signal), partic-
ularly in the region between 10 ms and 500 ms where T;
components of soft tissue are most often reported. The
relatively large amount of unwanted signal in this region
made it necessary to rule out the use of machined poly-
carbonate chambers. The polyethylene chamber had sig-
nificantly fewer artifactual lines in this region, and was
therefore used in all subsequent studies. There was, how-
ever, one large spectral line originating from the use of the
polyethylene at approximately 1 ms, but as its T, relaxa-
tion time was considerably lower than that of the tissue
components, it did not prove to be a significant problem.

Comparison of spectral-parameter precision
between chamber and NMR tube

Transverse-relaxation spectra were obtained from nerve
contained in either an NMR tube or the perfusion cham-
ber using the single-coil system. (Buffer flow was always
maintained in the perfusion chamber unless otherwise
stated.) Both yielded three-component spectra similar to
spectra reported in the literature [9, 19], thus demonstrat-
ing a comparative performance of the perfusion chamber
to an NMR tube, the latter considered the gold standard
for in vitro analysis.

In studies in which the buffer solution is altered
from one composition to another, the tissue is generally
removed from an NMR tube, placed in the altered solu-
tion for a period of time, and then reintroduced into the
tube together with the altered solution. A study consist-
ing of four experiments was thus performed to determine
the level of precision in T, spectral component parameters
due to repositioning, as well as to inter-preparation varia-
tion. In the first experiment, a freshly excised piece of nerve
was placed in the two-coil perfusion chamber, and twenty
T, spectra were acquired. In the second experiment, the
same procedure was repeated using a conventional NMR
tube and a single transmit/receive RF coil. (A different
nerve preparation was used in the second experiment.) In
the third experiment, eight T; spectra were acquired from
the same nerve preparation as in Experiment 2, except
that in this case, the nerve was repositioned in the NMR
tube before each acquisition. Finally, in a fourth experi-

ment, seven T» spectra were acquired from seven different
nerve preparations in an attempt to assess inter-prepara-
tion variation. The statistical variances of the resulting
T, spectral parameters were calculated, and are presented
in Table 1. To summarize, multiple spectral measures us-
ing either the chamber or the NMR tube (columns 1 and
2) yielded similar standard deviations for corresponding
parameters; however, repositioning (column 3) increased
the standard deviations by a factor of approximately 5.
Inter-preparation standard deviations (column 4) were
fairly close to those of the repositioning experiment.

Variation with flow rate

Measurements were made to assess the stability of the
results with change in flow rate. Freshly excised nerve was
placed in the perfusion chamber using the single-coil sys-
tem, and T, spectra were recorded for 15 different flow
rates varying from 0 to 14 ml/h. All spectra contained three
components attributable to the nerve plus one resulting
from the buffer solution. As a function of flow rate, only
minor variation was observed in component T»-relaxa-
tion times (data not shown); however, relative component
sizes did exhibit variation (Fig. 2a). To account for this
variation, it was hypothesized that the decay curve of flow-
ing buffer solution encountered differing levels of distor-
tion, dependent on the flow rate. Two different factors
could account for this distortion: signal loss from solu-
tion flowing outside the sensitive range of the RF coil, and
errant signal from the solution within the inflow and out-
flow tubes that received imperfect excitation and inversion
pulses. These differences in the buffer decay curve could
then affect the nerve and buffer component sizes as seen
through the analysis routine.

A computer simulation was performed to test the
above hypothesis in order to determine whether a newly
designed coil system was justified. In the simulation it was
assumed that the primary source of variation with flow
rate resulted from signal losses derived from excited buffer
flowing beyond the range of sensitivity of the RF coil dur-
ing the acquisition period. The loss of excited buffer was
taken to increase linearly with time, generating a signal
loss having the form of a linearly increasing plot mod-
ulated by an exponentially decaying envelope associated
with the transverse signal decay of the buffer solution. The
simulation assumed immediate transitions in coil sensitiv-
ity, and thus neglected any period of transition, both on
the inflow and outflow sides of the chamber. The predicted
signal losses were calculated with the following equation:

SignalLoss(n) = Sy - Rp - nTE . " TE/Tabuffer (D

where n is the echo number, Sy is the estimated signal
strength per volume, and Rp is the flow rate. The predicted
signal loss versus acquisition (echo) time for a range of
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Table 1 Standard deviations for transverse-relaxation component parameters in frog sciatic nerve, as evaluated by an NNLS algorithm

Chamber (N =20) NMR tube (N =20)

Repositioning (N =8) Inter-preparation (N =7)

Mean SD Mean SD Mean SD Mean SD
Size A (%) 22.16 0.33 22.69 0.42 20.58 0.76 19.54 1.95
Size B (%) 41.63 0.94 39.69 0.63 38.82 3.26 38.71 4.06
Size C (%) 36.21 0.55 37.62 0.86 40.60 4.66 41.75 3.98
T2 A (ms) 18.09 0.27 17.07 0.54 17.54 1.56 16.97 1.13
T2 B (ms) 82.33 0.58 96.17 0.77 97.60 8.55 82.87 3.96
T2 C (ms) 268.68 3.01 301.25 4.10 287.75 24.71 231.61 15.46

Note In the first of the four columns, one nerve preparation was
viewed 20 times using the two-coil perfusion chamber. In the
second column, a different nerve preparation was viewed 20
times in a conventional NMR tube. The third column utilized

the same nerve preparation as in column 2, but this time the
nerve was repositioned in the NMR tube between each spectra
acquired. In the last column, seven spectra were acquired using
seven different nerve preparations placed in NMR tubes
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Fig. 2 Variance of nerve and buffer component sizes with changes
in flow rate. a Experimental results from a nerve sample in the sin-
gle-coil system. b Results generated when theoretical flow loss curves
for 1ml/h to 14ml/h are subtracted from the zero flow data in a.
¢ Experimental results from a nerve sample (different from a) in the
two-coil system. Note the lack of variation of the components with
flow rate

flow rates is shown in Fig. 3a (dashed), where it is com-
pared to a measured loss at the same rates (solid). The
latter were obtained by measuring the signal difference
between nerve experiments with flowing and static buffer
solutions. Comparison of these two sets of curves suggests
that the outflow of solution excited while in the cham-
ber may account for a substantial portion of the signal
loss. To determine whether the predicted signal loss could
account for the variation of component size with flow rate
(as seen in Fig. 2a), loss predictions for flow rates between
I ml/h and 14 ml/h were each subtracted from an experi-
mental zero-flow data set. The resulting decay curves were
then converted to T; spectra with the nonnegative least
squares (NNLS) algorithm. The magnitudes of the com-
ponents from the resulting spectra are shown in Fig. 2b
and show qualitative agreement with the trends experi-
mentally determined in Fig. 2a.
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Two-coil system

In order to allow for more precise quantitative studies a
new experimental setup had to be devised to reduce the
dependency of measured parameters on flow rate. Thus, as
a means to avoid flow-related signal losses, it was decided
that the RF transmission and reception responsibilities
should be assumed by two separate coils. In this two-coil
system, a larger birdcage coil would transmit RF energy
over a region of the apparatus that included the cham-
ber as well as the inflow and outflow perfusate tubing.
The smaller single coil that circumscribes the perfusion
chamber would then act as a dedicated receive-only coil
(Fig. 1b). As a result of the larger coil, all buffer solution
from which signal is acquired (whether in the chamber or
the tubing) would receive correct excitation and inversion
pulses.

To test for signal loss as a function of acquisition time,
decay curves were acquired from buffer solution and frog
sciatic nerve over a number of different flow rates, varying
between O ml/h and 15ml/h (using the two-coil system).
All the flow data sets were then subtracted from the static
buffer data set to measure experimental loss curves due to
flow. A sampling of loss curves measured over a range of
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Fig. 3 a Experimentally determined flow loss curves for the one-coil
system (solid) as well as theoretical loss curves (dashed) based on the
flow model. b Experimentally determined flow loss curves for the
two-coil system

flow rates is shown in Fig. 3b. As can be seen, the results
show a marked reduction in signal losses when the two-
coil system is used. The remaining losses probably origi-
nate from a decrease in measured buffer T as the flow rate
increases. Unlike the losses modeled by Eq. 1, these should
not cause distortion in measured tissue parameters, since

the exponential nature of the buffer signal would not be
compromised; only its decay constant would change. To
determine the effect of the two-coil system on variation in
component size with flow rate, T» spectra were calculated
from the decay curves obtained above. The resulting com-
ponent sizes are displayed in Fig. 2c. Comparing these to
results using only the single-coil system, (Fig. 2a) shows a
marked improvement in stability.

Conclusions

Experimental data from the use of the perfusion cham-
ber were found to equal the quality of those obtained us-
ing standard NMR tubes. This novel perfusion system is
able to offer several advantages, however. The two-coil
system was successful in minimizing effects of the flow-
ing buffer on the results, allowing quantitative measure-
ments of NMR parameters while the buffer composition
is changed on the fly. Fresh buffer solution can be supplied
to a tissue sample at flow rates high enough to provide for
its oxygen requirements. Agents can also be introduced
into the chamber in a longitudinal study without the need
to reposition the sample. This is of significant benefit, as a
fivefold increase in the precision of measured parameters
was found to result when the repositioning of the sample
was avoided. The system is also capable of controlling the
temperature of the sample between 25°C and 40°C.
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