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Background If it would be possible to detect lack of
flow and/or the development of ischemia in bone, we
might have a way of predicting whether a broken bone
will heal. We established microdialysis (MD) and laser
Doppler (LD) flow measurement in the human femoral
head in order to be able to detect ischemia and measure
changes in blood flow.

Material and methods In 9 patients undergoing total
hip arthroplasty for primary osteoarthrosis, two MD
catheters were inserted into the femoral head through
two drill holes after the blood flow had been visualized
by LD. Then primary samples were collected with the
femoral head in situ; thereafter, the head was removed
and samples were collected over the following 4 hours ex
vivo. The variables obtained by MD were concentrations
of glucose, lactate, pyruvate, and glycerol in extracellu-
lar fluid.

Results The results showed development of ischemia
with a statistically significant decrease in glucose concen-
tration and elevation of the lactate/pyruvate ratio over
time. The LD showed flow with the femoral head in situ
and lack of flow when the femoral head was removed.

Interpretation The use of MD was established in
the human femoral head. Ischemic levels were detected
within 2 h of cessation of blood flow in most patients.

Microdialysis was initially developed more than
25 years ago to study the metabolism in the cen-
tral nervous system of rats and other experimental
animals. More recently, it has been used to study
the metabolism in many different tissues such as

brain tissue in humans (Skjoth-Rasmussen et al.
2004), muscle, and adipose tissue (Rooyackers
et al. 2004). The use of microdialysis in bone has
been limited to measurement of the concentrations
of antibiotics (Stolle et al. 2003, 2004) and of the
release of prostaglandin E2 (Thorsen et al. 1996).
However, measurements of metabolism in bone
could very well be of importance. The microdi-
alysis technique is only semiquantitative, which
limits its use to temporal changes. Otherwise, the
results have to be compared against a reference
value.

Laser Doppler has been used for measuring
blood flow in human bone, and has shown valid
results (El Maraghy et al. 1999, Notzli et al. 2002,
Beck et al. 2004). It seems that laser Doppler gives
optimum results in areas where the blood supply
is limited to a few vessels, e.g. the femoral head
(Sugamoto et al. 1998) or the proximal humerus
(Herzog et al. 2002, Hinsley et al. 2002). One pre-
vious study has evaluated laser Doppler flow in the
femoral head (Sugamoto et al. 1998).

Adequate perfusion of the femoral head is essen-
tial for bone healing. Thus, detection of ischemia
in the femoral head or the lack of blood flow mea-
sured by laser Doppler could be predictors for the
outcome of the treatment of femoral neck frac-
tures.

We investigated whether microdialysis and laser
Doppler can demonstrate ischemia and change in
blood flow in the femoral head of humans.

Copyright© Taylor & Francis 2007. ISSN 1745-3674. Printed in Sweden — all rights reserved.

DOI 10.1080/17453670610013420



Acta Orthopaedica 2007; 78 (1): 56-62

57

Material and methods

Patients who underwent total hip replacement
were included into the study. The inclusion crite-
rion was primary osteoarthrosis. Exclusion crite-
ria were rheumatoid arthritis, previous fracture or
surgery of the hip, and previous or ongoing treat-
ment with glucocorticosteroids. 10 femoral heads
from 10 patients were included. 1 femoral head
was excluded because the laser Doppler did not
show pulsatile flow. This was due to the drill holes
being too close to the cortex. Thus, 4 females and
5 males with a median age of 71 (47-74) years
were included into the study. In the first patient,
only microdialysis measurements were done due
to technical difficulties.

Microdialysis

2 microdialysis catheters with a membrane length
of 20 mm (CMA 70; CMA, Solna, Sweden), each
connected to a CMA 107 pump, were used in each
patient. The reason for using a membrane length of
20 mm was to make sure that the catheter would
fit within the trabecular part of the femoral head.
The microdialysis catheters were perfused with a
Ringer NaCl suspension (CMA). The samples were
collected with a flow rate of 2 pL./min, in order to
make sure that enough dialysate was collected
over the relatively short sampling period (5 min).
During perfusion, an equilibrium between the per-
fusion fluid in the catheters and the interstitial fluid
is believed to be established. The samples were
collected in micro-vials and analyzed for glucose,
lactate, pyruvate, and glycerol on a CMA 600 ana-
lyzer. The detection ranges for the CMA 600 ana-
lyzer are: glucose 0.1-25 mM, lactate 0.2—12 mM,
pyruvate 10—1,500 pM, and glycerol 10-1,500 uM
(data supplied by the manufacturer). Ischemia was
evaluated from the lactate/pyruvate ratio. A ratio
above 25 was considered ischemic, as proposed by
Ungerstedt and Rostami (2004) based on measure-
ments in brain and muscle tissue.

For most substances, the uptake across the mem-
brane is incomplete. The fraction of the substance
collected in the dialysate relative to the concentra-
tion in plasma is defined as the relative recovery
(RR), and is calculated as: RR = Cdialysate/Cplasma.
The relative recovery is calculated using the con-
centration of glucose in dialysate and plasma. In

this study we were not aiming at obtaining a recov-
ery of 100%, since we were interested in the lac-
tate/pyruvate ratio as a predictor of ischemia. We
assumed that the recovery of lactate and pyruvate
was similar and that recovery was constant through-
out the sampling period. We calculated recovery by
using plasma glucose and the concentration of glu-
cose in the microdialysis samples, when the femo-
ral head was still in situ.

Laser Doppler

When laser light is introduced into the tissue,
approximately 1% of the light is reflected and scat-
tered by moving erythrocytes (Bonner 2005). The
frequency of the reflected light is broadened and it
is possible to calculate the average speed of move-
ment in the tissue. By multiplication by the concen-
tration of erythrocytes (measured by the laser Dop-
pler by absorption), it is possible to calculate the
flux—measured in arbitrary perfusion units (AU).

We used a 2-mW laser Doppler (DRT4 laser Dop-
pler blood flow monitor; Moor Instruments, UK).
To measure within the bone, two types of needle
probes were used: 1) DP4sd, which is a blunt-
needle side-delivery probe, and 2) DP3, which is
a blunt-needle end-delivery probe; both were from
Moor Instruments. Both the side-delivery probe
and the end-delivery probe were used on the first
3 patients, but the signal was better with the end-
delivery probe and this was used exclusively for
the remaining 7 patients. The data presented are
from the end-delivery probe. The flow data were
recorded using Moorsoft/DRT4 software v. 2.0 for
Windows (Moor Instruments).

In order to show blood flow and not interference
from Brownian motion (movements of molecules),
or the shaking of the investigator’s hand, we used
pulse synchronic pulsatile flow.

We define pulsatile flow as being when the fol-
lowing requirements have been fulfilled:

— A steady DC curve. This gives an indication of
the back-scattered laser light intensity. It can be
used to check the efficiency of light collection by
the laser Doppler probes,

— a pattern of waves with a uniform appearance.

pulse synchronous waves,

— mean flux > 10 AU (Gamse and Saria 1987),

— change in flux (AFlux) of minimum 8 AU (ampli-
tude),
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— measurement done over 10 sec.

Mean flux and standard deviation, maximum
flux, and minimum flux were measured over a
period of 10 sec using the statistics function in the
DRT4 monitor software. From this, the Aflux was
calculated.

Surgery and measurements

All patients were operated via a posterolateral
approach with the patient in the lateral decubitus
position. Gluteus maximus was divided. The exter-
nal rotators were cut and kept away by stay sutures.
Care was taken not to disturb the medial circum-
flex artery. The capsule was opened and the femoral
neck and head were exposed, leaving the femoral
head in situ. Two drill holes (2 mm diameter and 30
mm deep) were made at the osteochondral junction
pointing towards the center of the femoral head, in
order to ensure that the holes were in the trabecular
part of the bone. Flow was measured with the laser
Doppler in both holes. Then the two microdialysis
catheters were inserted into the drill holes. They
were flushed for 3 min with a flow rate of 2.0 uL/
min in order to empty the efferent tube. Two sets
of samples were collected over 5 min with the flow
rate of 2.0 uL/min. We did not have time to let the
catheters stabilize for 20-40 min before the first
samples were collected, since the measurements
were made during a hip replacement. The microdi-
alysis catheters were removed from the drill holes
and the holes were marked according to the cath-
eters. Then the hip was dislocated and the femoral
head was immediately removed by using an oscil-
lating saw, the catheters were reinserted, and the
femoral head was subsequently put into a chamber
which was submerged in a water bath kept at 37°C.

With the femoral head in the chamber, the mean
temperature was 34.0°C (SD 0.8°C). Over the next
4 h, samples were collected, at intervals of 5 min
every 20 min, with a flow rate of 2.0 uL/min. The
samples were analyzed for glucose, lactate, pyru-
vate, and glycerol.

In all but 1 patient, an arterial blood sample
was taken at the time when the femoral head was
removed to measure plasma glucose.

The study was carried out according to the Hel-
sinki Declaration and the protocol was approved
by the local Ethics Committee. The patients gave
their informed written consent prior to surgery.

Laser Doppler measurements performed in the femo-
ral head of humans presented as flux (mean with SD
in parentheses) and Aflux which is the amplitude of the
curve. Pulsatile flow: see text for definition

Patient Hole Mean flux Aflux Flow by
no. definition
1 1 75.8 (16.4) 70.9 Yes
2 102 (21.3) 79.2 Yes
2 1 15.1 (1.6) 8.5 Yes
2 112 (16.3) 69.9 Yes
S 1 17.3 (2.7) 12.6 Yes
2 9.7 (0.8) 4.2 No
4 1 35.9 (1.3) 6.4 No
2 17.1 (2.0) 9.3 Yes
5 1 2.7 (0.5) 3 No
2 9.9 (2.5) 9.2 Yes
6 1 16.3 (2.6) 17 Yes
2 19.2 (2.6) 12.4 Yes
7 1 13.5 (2.1) 11.6 Yes
2 6.0 (0.7) 3.2 No
8 1 15.9 (4.5) 23 Yes
2 18.1 (4.9) 241 Yes
Statistics

Data are presented as mean with standard deviation
(SD) in parentheses, except for age where median
and range are used.

The 2 samples from the same point in time and
from each femoral head were averaged before the
data were analyzed. Student’s t-test was used on
the mean of the first 2 samples and on the mean of
the 3 last samples for the lactate/pyruvate ratio. For
glucose concentration, Student’s t-test was used on
the mean of the first 2 samples and on the mean of
the 2 samples at times 1 h 40 min and 2 h, because
after 2 h the lower detection limit for glucose had
been reached.

Results

We demonstrated pulsatile flow in all 8§ femoral
heads. In patients 4 and 6, only one drill hole gave
pulsatile flow (Table). The relative recovery of the
microdialysis was 55% (15%).

Lactate/pyruvate ratio was consistent with isch-
emia after 2-2.5 h (Figure 1). In one femoral head,
the lactate/pyruvate ratio did not increase above
25, but still had a trend of a rise in lactate/pyruvate
ratio, indicating development of ischemia. Lactate/
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Figure 1. Lactate/pyruvate ratio measured in 9 femoral
heads of humans by use of microdialysis. A ratio of above
25 is defined as ischemia.

pyruvate ratio increased from 13.2 (3.5) (mean of
the 2 first samples, before the femoral neck was
cut) to 41.4(12.4) (mean of the 3 last samples, after
3h) (p <0.001).

Mean glucose

The glucose concentration in the samples
decreased (p < 0.001) (Figure 2). After 3 h the con-
centration was under the detection limit, whereas
the concentration of glycerol increased over time
after a drop during the first hour.

Discussion

There are 2 main treatments for dislocated femo-
ral neck fractures: arthroplasty and osteosynthesis.
Among the patients having their fracture osteosyn-
thesized, 20-30% will experience failure—result-
ing in reoperation (Rogmark et al. 2002, Keating
et al. 2006). Preserving the hip seems optimal, as
studies have shown that patients with a united fem-
oral neck fracture have a better functional outcome
than patients with hemiarthroplasty (Partanen and
Jalovaara, 2004). In order to distinguish between
potential treatments for the individual patient, isch-
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Figure 2. Mean glucose, glycerol, pyruvate, and lactate concentrations over time measured by microdialysis in 9 femoral
heads after removal to a chamber, and in 5 syringes with human blood. The development in the bone shows a decrease
in glucose and pyruvate, but an increase in glycerol and lactate. In the syringes, the development shows “wash-out” with

a reduction in all substrates except lactate.
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emia might be an important factor (Swiontkowski
et al. 1993).

We evaluated ischemia by use of microdialysis
in the femoral head in humans. The microdialysis
technique uses catheters with a semipermeable
membrane at the tip. The catheter acts as a small
capillary in the tissue, and it is assumed that the
perfusion fluid establishes equilibrium with the
extracellular fluid as the perfusion fluid moves
through the tip of the catheter. By measuring the
concentrations of glucose, lactate, and pyruvate
in the perfusion fluid, it is possible to asses the
metabolic status of the tissue. Production of lac-
tate from pyruvate only happens during anaerobic
metabolism. Thus, if the tissue lacks oxygen the
level of pyruvate will fall and the level of lactate
will increase, leading to a rise in the lactate/pyru-
vate ratio. In addition, the glucose level will fall
when the supply is reduced (low or no blood flow)
(Ungerstedt and Rostami 2004).

The microdialysis catheter is estimated to drain
approximately 100 mg of tissue (Rosdahl et al.
1993). In bone, this is estimated to be around 100
mm?, while the drill hole in our study had a volume
of approximately 63 mm? (V = nir?h = 7 x (1 mm)?
x 20 mm). The catheter has a volume of 6 mmd,
which gives a dead space around the catheter of
57 mm3, where there will be exudation of extracel-
lular fluid from the bone (Figure 3).

It can be argued that the microdialysis measure-
ments will only show what is happening in a small
clot of blood in the dead space around the catheter,
where a washout phenomenen would be expected.
However, we have shown from the results of micro-
dialysis performed on blood collected in a syringe
that there is a clear wash-out pattern where all sub-
stances decrease in concentration over time except
lactate, which remains the same (Pedersen et al.
2006). In addition, a high flow rate during micro-
dialysis can also cause wash-out of the substances,
when the microdialysis fluid is moving substances
away from the tissue. A slow supply of the substance
to the tissue will result in a lower concentration with
time. When we look at our results, there is no evi-
dence of wash-out since both lactate and glycerol
increased over time, whereas the only fall was seen
for glucose and its metabolite, pyruvate (Figure 1).

The microdialysis technique demonstrated a rise
in lactate/pyruvate ratio and a decrease in glucose

—|
T Microdialysis
catheter
|
| Dead space
A Part of bone that
is drained by
microdialysis
-

Bone

Figure 3. Drawing of the catheter used for microdialysis,
placed in bone. The light gray area is the part of the bone
from which the metabolites diffuse. The area around the
catheter is the dead space, from which the metabolites dif-
fuse into the catheter.

concentration over time, consistent with develop-
ment of ischemia within 2 h of cessation of blood
flow. This was done using a flow rate of 2 uL./min.
The flow rate normally used in other tissues such
as muscle and brain has been 0.2 pL./min. By using
the high flow rate, the recovery will be lower
because the time to equilibrate over the membrane
is shorter. The reason for using a high flow rate
was to collect enough fluid over the relatively short
time that the study was done—during insertion of
a total hip arthroplasty. Since we are measuring the
lactate/pyruvate ratio and not an absolute value, the
ratio is not influenced by the flow rate.

We used glucose as a marker to calculate recov-
ery, in order not to introduce another substance
into the patient. Recovery was estimated to be
55%, by using the blood glucose concentration as
reference value. This seems reasonable, as studies
have shown that plasma glucose levels and bone
marrow glucose levels are comparable (Ummen-
hofer et al. 1994, Hurren 2000). We are aware that
the most correct method to calculate recovery is by
using an inert tracer, due to the fact that glucose
is being used and transformed in the tissue. How-
ever, this fact will make our real recovery higher
than the one we have calculated. A recovery of
55% has also been found in another study in which
muscle glucose was evaluated (Korth et al. 2000).
The recovery can only be calculated before the
osteotomy of the femoral neck, because it is not
possible to establish a value to calculate a recovery
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rate from after the head has been removed. We can
only assume that recovery stays the same through-
out the experiment.

By using our definitions of pulsatile flow and
the laser Doppler signal on the monitor, we were
able to distinguish between pulsatile flow and no
flow with 100% agreement on duplicate measure-
ments. In our results the mean flux ranged from
6 AU to 112 AU, which has also been reported
in other studies (Beck et al. 2004). Studies with
other equipment have also shown large variations
in mean flux values (Sugamoto et al. 1998). This
variation in flux may be explained by the position
of the laser Doppler probe. If it is close to a tra-
becular vessel or a sinusoid, the flow figure will
be higher than if the probe is far from a vessel or
a sinusoid.

We have found no other reports showing detec-
tion of ischemia development by using microdialy-
sis in bone. The method might be used in a modi-
fied setting in treatment of patients with femoral
neck fractures.
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