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Summary

Two fatal and five non-fatal episodes of air embolism
occurred in the course of 14,000 haemodialyses. Air
entered the circuit through the infusion bottle, the
heparin syringe or line, or the blood pump insert. Emer-
gency treatment with posture, oxygen, dextran infusion,
and dexamethasone was apparently successful in revers-
ing some of the manifestations. Prevention depends
partly on better design of equipment and partly on the
incorporation in the haemodialysis circuit of devices
which detect air and prevent it from reaching the patient.
Such monitors are not in general use in the United
Kingdom and those currently available are far from
infallible. We describe an alternative system incorporat-
ing a floating valve in the bubble trap.

Introduction

Air embolism has been reported as a complication of cardio-
vascular surgery (Nicks, 1969), neurosurgery (Michenfelder
et al., 1969), trauma to the head and neck, air insufflation studies
and other obstetric operations, rapid decompression, infusion
of fluids, and several other therapeutic procedures (Emery,
1962) but there is only sparse reference to its occurrence during
haemodialysis (Cohen et al., 1968). This is surprising because
the combination of a blood pump and a long vulnerable extra-
corporeal circuit must create opportunities for this accident,
and it has been estimated that as many as five deaths occur

annually in Britain alone. We report seven episodes of air
embolism occurring during haemodialysis and discuss possible
preventive measures.

Case 1

A 48-year-old woman had recently started regular haemodialysis.
Because of severe hypoproteinaemia she received an infusion of
amino-acids late in dialysis. The nurse infusing the solution into
the patient's arterial line had to leave hurriedly to attend to another
patient. She was called back to the original patient who had
collapsed with dyspnoea and gasping respirations. A fragmented
column of blood and air filled the venous line of her circuit. Her
pulse and blood pressure remained stable but she rapidly became
unconscious with eyes deviated to the right, right hemiplegia, and
extensor plantar response. She was given 100',, oxygen by face
mask. Two hours later she became hypotensive and cyanosed, with
Cheyne-Stokes respiration and fixed dilated pupils. After a further
20 minutes she had a cardiac arrest, and attempted resuscitation
was unsuccessful. Necropsy showed no air in the heart or large
pulmonary vessels. In the left frontotemporal area of the brain the
vessels were cherry red and contained a fine froth, there was

surrounding oedema and petechial haemorrhage.

During the resuscitation of this patient fluid was infused through
the drip set and circuit; clamps were moved and the evidence for
the cause of the accident was therefore lost. We suspect that in the
rush of a sudden emergency elsewhere in the unit the nurse either
failed to reapply the clamp to the drip tubing, or applied it to the
wrong tube, or reapplied it but did not have time to ensure that it
had completely occluded the tubing.

Case 2

A 40-year-old woman was near the end of an uneventful dialysis
after 18 months of successful home treatment. The relative assisting
her ran some saline into her arterial line while she was asleep and
immediately left the room. About 10 minutes later she was found
dead in bed with the dialyser and venous line full of air. The clamp
which should have occluded the drip tubing had been accidentally
applied to the arterial line instead; the saline bottle had emptied
and air had been pumped through the circuit in place of blood.
Necropsy showed air in all chambers of the heart, the pulmonary

arteries, and the vessels on the surface of the brain.

Case 3

A 44-year-old man treated by haemodialysis for two weeks for
renal failure malignant hypertension complained of headache and
chest pain and developed gasping respiration during a routine
dialysis. A fragmented air column in the venous line suggested
air embolism so he was placed head down and given 100°., oxygen.
Examination showed no abnormality other than mild hypotension
lasting 10 minutes. Four hours later he developed slurring of
speech, expressive dysphasia, and confusion; 500 ml of dextran 40
was infused over four hours. Sixteen hours after the embolism he
responded to commands and spoke in monosyllables but had
developed cortical blindness. An electroencenhalogram showed
bilateral slow activity more severe on the left; dexamethasone 5 mg
was given intravenously. Thirty-six hours later he had full recovery
of vision and no focal neurological signs, though he had amnesia
for events taking place after the embolism. He remained well on

regular haemodialysis. This accident occurred in similar circum-
stances to those in Case 1.

Case 4

A 39-year-old man with malignant hypertension and renal failure
had been treated by regular haemodialysis for eight months when
he collapsed 15 minutes after the start of a dialysis. A fragmented
blood column was found in the venous and arterial lines of the
dialyser. Air was being sucked into the circuit through a crack in
the heparin infusion syringe (Fig. 1).
As he had no palpable pulse, external massage and hand ventila-

tion were started by the nursing staff. Eight minutes later spon-
taneous respiration had returned, his pulse was 170 per minute,
and blood pressure 240/170. All his limbs were flaccid and he had
extensor plantar responses and fixed dilated pupils. He was placed
head down and given dexamethasone and dextran 40 intravenously
while 100" oxygen was continued by face mask. He was moved to
the main hospital 3 km away, maintaining the head-down position
and breathing 1000', oxygen. Hydrallazine was given to control
his persistent hypertension. Four hours later he became very restless
and his muscle tone, voluntary movements, and pupillary reactions
returned. Twelve hours after the embolism he was fully conscious
and alert with no neurological abnormalities.
He returned to outpatient haemodialysis but died four weeks

later from cardiac failure. Necropsy showed a small frontal lobe
infarct which may have been caused by his air embolism.
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FIG. 1-Heparin infusion syringe with large crack through which air entered
the dialysis circuit in Case 4. FIG. 2-Silastic pump insert with transverse crack which caused air embolism

in Case 6.

Case S

A 45-year-old man with renal failure due to malignant hypertension
had been treated by bilateral nephrectomy and regular haemo-
dialysis for 10 months. During dialysis he developed dyspnoea and
chest pain and rapidly became cyanosed, hypotensive, and semi-
conscious. A fragmented air column was found in his venous and
arterial lines, the course of the air leak being a loose connector to
the heparin syringe. He was immediately placed head down and
right side up and given 10000 oxygen by face mask. There was
rapid improvement in his colour and blood pressure. He remained
semiconscious for two hours and then became alert and rational.
Haemodialysis was performed after 24 hours without incident and
he was discharged home; he remained well on regular haemo-
dialysis.

Case 6

A 55-year-old man with long-standing hypertension, angina, and
renal failure had received regular haemodialysis in the home for
30 months. Nine hours after the start of an overnight dialysis he
woke feeling that all was not well and saw venous bubbles moving
down his venous line. He was unable to shout or move his right
arm but with his left arm he rapped on the wall to attract his wife's
attention. She confirmed that the whole venous circuit and the
arterial circuit beyond the blood pump contained air bubbles and
found an estimated 500 ml of blood spattered over the floor. She
disconnected the machine at once and called an ambulance. On
arrival in hospital about an hour later he still had a right hemi-
plegia and dysphasia; his blood pressure was 80/60. He was given
intravenous fluids and 1000% oxygen; within six hours power had
returned to his right side and his speech had recovered. His
transient hemiplegia may have been the result of hypotension or
air embolism, or both.
The source of air embolism and blood loss was a crack in the

Silastic tubing of the blood pump insert (Fig. 2), which is subjected
alternatively to positive and negative pressure. Defects in Silastic
tubing were common in 1969 and usually took the form of longi-
tudinal slits. We had not encountered such defects again until the
present case, but on one subsequent occasion an insert has split
(Fig. 3). It was noticed when blood spurted from the tube and an
air embolismn was avoided.

Case 7

A 41-year-old man, treated for three years on regular dialysis,
developed chest pain and gasping respiration; air was noticed in
the arterial circuit beyond the heparin line and in the venous line.
It had entered through a ruptured connecting line between the
heparin syringe and the arterial line (Fig. 4). This thin-walled tube
had probably been damaged by the application of the metal clamp.*
The volume of air infused was small and recovery was rapid.

*Used to cut off the heparin before the end of dialysis in patients with a
fistula.

FIG. 3-Silastic pump insert with the commoner
longitudinal crack which would have caused air
embolism but for prompt action by the nurse.

FIG. 4-Fracture of the "anaesthetic extension set" used to connect the
heparin syringe to the arterial line, the cause of air embolism in Case 7.

Discussion

CAUSE OF AIR EMBOLISM

When haemodialysis is performed with blood pressure as the
only driving force the whole blood circuit is pressurized and
opportunities for air embolism are few. However, arteriovenous
shunts are sometimes incapable of providing an adequate flow
through modern Kiil dialysers unless assisted by a pump.
Moreover, a blood pump is essential with the arteriovenous
fistula which is gradually replacing the shunt as the standard
route of access to the circulation. Consequently most of our
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patients are now using blood pumps and all the accidents we
describe occurred in pumped circuits. The circuit used at
Newcastle, and at many other centres, is shown in Fig. 5. It is
vulnerable in two main areas:

FIG. 5-Diagram of the dialysis circuit showing two alternative arrangements
for heparin administration-syringe pump or roller pump. A photocell
level detector (PC) is shown on the bubble tran in the normal situation and
(inset) in alarm condition activating a cut-off valve on the venous line. Also
inset is a butible trap with flap which closes when air reaches that level,
activating the pressure monitor (Pres.) DF = Dialysis fluid pathway.

(1) Between the patient and the blood pump a negative pressure
may develop and air may be sucked into the circuit. In this segment
there are a heparin infusion pump and an infusion set. In three of
our cases the heparin syringe or its connecting line was the cause-
one having a large crack (Fig. 1), one a loose Luer connector, and
one a fractured line (Fig. 4). In three cases air entered through the
air intake of the infusion bottle which had been allowed to empty.
This hazard is so well recognized that staff and patients are care-

fully instructed never to leave the bedside, even for a moment,
without first clamping the infusion line. As the plastic or metal
clamps on infusion sets are sometimes airtight we have always used
a powerful haemostat for this purpose but in doing so we may have
contributed to the death of one patient (Case 2), since it is possible
to apply the clamp to the wrong tube-an error which is easier
than might be imagined because there is a good deal of coiled
redundant tubing on the side of a proportioning machine. In two
other cases we suspect that the sudden distraction of a nurse by
an emergency elsewhere may have overcome her conditioned reflex
and resulted in no-application of the clamp.

(2) Air in solution in the dialysis fluid diffuses across the
membrane into the blood and may form bubbles in the venous

air-trap. This is a major problem in winter in Britain, since the air
content of tap water rises as temnperature falls. None of the
methods of de-airing water incorporated in proportioning machines
is entirely satisfactory. No major episodes of air embolism have
yet resulted from this cause, and it may be that the infusion rate
would never be high enough to cause serious symptoms, but the
fear of it adds greatly to the anxiety of home dialysis.

QUANTITY OF AIR INJECTED

The immediate effects of air embolism depend on the quantity,
speed, and site of introduction of air into the circulation. Our
patients received the air through the venous end of a shunt or
fistula in an arm or leg vein. Even small quantities of air intro-
duced into the veins of dogs alter physiological dead space and
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pulmonary compliance but infusion rates up to 1 ml/kg/min are
tolerated without change in vital signs; above this rate there is
an inverse relationship between infusion rate and survival time;
100 ml given over 20 seconds is rapidly fatal (Richardson et al.,
1937; Severinghaus and Stupfel, 1957).
We have conducted in-vitro experiments to find the likely

time lag before serious air embolism in haemodialysis accidents.
The worst possible situation is that in Case 2 where the arterial
line is clamped and the infusion set wide open. With this
arrangement and a pump speed of 280 ml/min (the highest we
ever use with the Kiil dialyser) it takes only 75 seconds for air
to traverse the dialyser and venous line. In the next 30 seconds
about 80 ml of air will enter the patient and thereafter the
infusion rate is virtually equal to the pump speed. In Case 2
the estimated pump speed was about 150 ml/'min and the
patient was probably receiving air at this rate within four
minutes. The safety margin is only a little wider if an arterial
line becomes disconnected from a shunt or fistula. We cannot
make a worth-while estimate of the infusion rate in our other
patients since this must vary with the pressure in the arterial
line but it was probably below 1 ml/kg/min in several, suggesting
that the human is more sensitive to air embolism than the dog.

EFFECT ON HEART AND LUNGS

Air enters the right atrium and ventricle where it forms a
foam and then passes to the pulmonary artery, causing pulmon-
ary blockade and acute pulmonary hypertension. Failure of the
pulmonary circulation and thus of left ventricular filling causes
systemic hypotension and circulatory failure, which were
observed in all our patients except Case 7 where the quantity
of air entering the patient was small. It has been shown in
man that, by placing the patient head down and right side
uppermost, the pulmonary circulation and consequently the
systemic circulation can be restored since the foam floats in the
right atrium and blood passes under it to enter the right ventricle
and pulmonary circulation (Musgrove and Macquigg, 1952;
Hamby and Terry, 1952; Emery, 1962). Rapid improvement in
our patients certainly occurred during this manoeuvre.

Fibrin deposition was found in pulmonary vessels of mice
following an air embolism (Hartveit et al., 1968) and it was
postulated that this may play a part in causing acute pulmonary
hypertension. Increased survival was shown if the mice were
given heparin before the air embolism. All our patients were
receiving continuous heparin infusion during their dialyses,
when the embolism occurred, and this may have contributed to
one or two unexpected survivals-for example, Case 4. Despite
restoration of the pulmonary circulation, large areas of the
pulmonary vascular tree still contain air, causing abnormal
ventilation perfusion defects and alterations in compliance
(Anderson et al., 1965), so it is important to continue treatment
after apparent recovery.

EFFECTS ON SYSTEMIC CIRCULATION

Air crosses to the left side of the heart through the capillaries
and arteriovenous communications of the lung (Emery, 1962)
and is distributed through the arterial tree. The main site of
distribution seems to depend on the position of the patient at the
time of the embolism. Air in the coronary circulation may cause
arrhythmias, including ventricular fibrillation (Michenfelder
et al., 1969). The cerebral circulation is often involved. Nicks
(1969) reported that of 38 non-fatal air emboli, 28% caused
psychological changes including irritability and sleeplessness or
epilepsy and 15% caused focal neurological abnormalities such
as hemiplegia, dysphasia, and dysarthria, all of which recovered.
The other major artery commonly involved is the mesenteric.
The predominance of neurological signs in our patients perhaps
reflects the fact that most were sitting up in bed or in armchairs
when the air was injected.
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TREATMENT

Clamping and disconnecting the circuit, placing the patient
head down and right side up, infusion of fluid to replace blood
loss in the dialyser, and administration of oxygen are the only
measures readily available in the dialysis unit and they proved
fairly effective in our patients. Aspiration of air from the right
side of the heart has been of therapeutic value in other situations
(Michenfelder et al., 1969) and is just feasible in hospital if the
patient has an arteriovenous shunt, but was not attempted.
We chose dextran 40 for infusion since the morbidity of air
embolism includes increased permeability of vessels, perivascular
oedema, and circulatory slowing which contributes to the
anoxia, and because patients with dysbarism have been shown
to have a reduced blood volume and high haematocrit reading
(Cockett et al., 1965). Dexamethasone was given to reduce
cerebral oedema.
Oxygen in air emboli dissolves relatively quickly, leaving

nitrogen bubbles. The rate at which the nitrogen bubble
decreases in size depends on the rate of diffusion of nitrogen
into blood and surrounding tissues, which in turn depends
on the gas-pressure gradient from bubble to blood. This can be
increased by breathing 100% oxygen. Our first patient deterior-
ated after oxygen was discontinued, and we now feel that this
therapy should be kept up for several hours after all signs have
disappeared.

Probably the best method of treating air embolism is rapid
compression. Workman (1968) reported a series of 24 cases of
traumatic air embolism developing during scuba diving,
submarine escape, and rapid decompression of high-altitude
aircraft. All his patients were treated by compression to 2-3
atmospheres while breathing oxygen intermittently. All had had
focal neurological abnormalities before treatment; 18 recovered
during the first course of treatment, three required a second
treatment before full recovery, and three others had residual
symptoms after the course; all recovered within 10 days. As
the nearest compression chamber to Newcastle at present is in
Glasgow we decided that the dangers of transfer outweighed
the possible advantages.

PREVENTION

During the 14 months in which these seven accidents occurred
about 14,000 haemodialyses were performed in the Newcastle
area. Minor episodes in which air entered the blood pathway
but did not reach the patient have not been recorded
obsessionally so the incidence is unknown but is certainly
greater than the 1 in 2,000 for clinical air embolism. An im-
portant source of these minor episodes has been the needle
inserted into the arterial line for heparinization; air can be
sucked along the needle track if pressure in the arterial line is
unusually low.

It should be possible to reduce the accident rate further by
improvement in equipment, but the cost will not be low. Since
three of our incidents and both our fatalities were due to air
entering the infusion bottle we have replaced bottles by plastic
bags, which do not require an airway, at an annual cost of
£8,000. Better quality syringes are now used and we shall
shortly be supplied with arterial circuits to which the heparin
line is welded, again at a cost. The risk of sucking air into the
arterial line is reduced if the pressure within it is continuously
monitored. Verberckmoes et al. (1967) described a simple
device for this purpose which was modified by Shaldon and
McKay (1968) for use on the Kiil dialyser. Shaldon also re-
designed the Kiil circuit, eliminating all injection points on the
arterial line and infusing heparin and saline only into the
venous bubble trap. This system is bound to increase heparin
requirements by about 20% and it presents difficulties when
there is a high resistance in the venous return.
None of these modifications can remove the risk of air

embolism altogether. If a fistula needle slips out of a patient's

arm embolism will occur almost as fast as in our Case 2, and it
will not be detected by any of the monitors currently fitted to
home or hospital dialysis systems. We have therefore carried
out a survey by questionnaire of 43 dialysis centres in Britain
to ascertain what devices they are using to prevent embolism.
Of 36 centres replying, 23 were using no precautions other than
observation by nurse or patient, three had adopted plastic bags
tis place of bottles, and four were using pressure monitors
on the arterial line. In eight centres a monitor-usually the
Cambridge Instruments one (Berlyne et al., 1968)-was fitted
to the bubble trap to detect a fall in the blood level and sound
an alarm. Several centres were about to purchase the more
sophisticated alarms now made by Meltec and Dylade which
incorporate an arterial line pressure monitor and a photoelectric
device on the bubble trap, similar to the Cambridge, and which
automatically stop the blood pump or/and clamp the venous
return line when an alarm is sounded (Fig. 5).
However, there was a good deal of criticism of these photo-

electric devices, which is confirmed by our experience. They
may fail to detect froth in the bubble trap or may mistake a
falling stream of blood for a full bubble trap. They give false
alarms when saline is run into the circuit, particularly when the
dialyser is washed back into the patient. Some are fitted with
manual cut-outs to avoid these false alarms but this deprives
the patient of protection when he most needs it. They are,
however, certainly better than no monitor at all.

Several alternative monitoring systems have been suggested,
utilizing the weight of the bubble trap, its electrical capacitance,
or the detection by ultrasound of bubbles in the pathway, but
none is available commercially.

Another approach which may be preferable was described
in the last century when intravenous fluids were infused with
the aid of a Higginson's syringe (Richardson, 1866); it is
incorporated in the Abbott paediatric infusion set and is
illustrated in the inset on Fig. 5. A valve floats down over the
exit port when the bubble trap is empty and occludes it. This
system works in vitro with air or foam, is airtight, and withstands
pressures over 300 mm Hg for several hours. The raised pressure
in the bubble trap triggers the normal venous pressure alarm
so no added equipment is necessary. Avon Medical have
produced a prototype dialysis line based on this principle
(Fig. 6) which has proved satisfactory in vitro and is about to
undergo clinical trial.

FIG. 6-Modified venous bubble
trap for Avon line incorporati
a floating valve which works on
the same principle as the flap
valve in Fig. 5.
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We are indebted to the nursing staff of the Royal Victoria
Infirmary and Rye Hill Hospital for the prompt resuscitation of
these patients; to several colleagues, including Dr. P. R. Uldall and
Dr. R. W. Elliott, for help in their management; to Professor D. N.
Walder and Dr. D. A. Shaw for expert advice; and to the
technical staff of the renal unit for suggestions on the design of air
embolism monitors.
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Passive Flexion and Femoral Vein Flow: A Study Using a
Motorized Foot Mover

V. C. ROBERTS, S. SABRI, M. C. PIETRONI, V. GUREWICH, L. T. COTTON

British Medical Journal, 1971, 3, 78-81

Summary

The effect of rhythmic passive flexion of the foot on
femoralvein blood volume flow rate has been investigated
in 11 patients undergoing surgery for varicose veins.
With rates of flexion varying from 24 to 50 per minute
and with amplitudes varying from 200 to 500 it has been
shown that the peak femoral vein flow can be increased
to twice its normal value and that its pulsatility can be
increased elevenfold. These increases are proportional to
both the rate and the amplitude of the flexion, the maxi-
mum occurring, theoretically, when the foot is flexed
±280 about a line perpendicular to the leg.
The investigation has further shown that the effects of

sustained passive flexion are maintained, without appre-
ciable dimunition, for 30 minutes and that the maximum
increases are produced in those patients who have the
lowest resting flows. It is suggested that per-operative
passive flexion of the feet may be a good prophylactic
against postoperative deep vein thrombosis.

Introduction

Despite the impressive advances which are continually being
made, postoperative deep vein thrombosis and its consequences
remain a major hazard of modem surgery. Most venous
thrombi originate in the deep vein§ of the calf, especially those
draining the soleus muscle (Gibbs, 1957; Roberts, 1963;
Cotton and Clark, 1965). Dilatation of the soleal sinuses, with
advancing age and progressive rises in body weight, increases
the pooling of venous blood within them (Gibbs, 1957), a
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condition which is further aggravated by anaesthesia and the
associated inactivity of the calf muscles (Cotton and Clark,
1965).

It has been shown that the foot-to-groin transit times of super-
ficial venous flow in patients who were ambulant postoperatively
were considerably less than in those who were confined to bed
(Wright,. Osborn, and Edmonds, 1951), but that they could be
halved by active exercise of the foot (Wright and Osborn, 1952;
Cotton, Fowler, and Miles, 1959). Thus it was felt that active
exercise of the calf muscles during the postoperative period,
together with early ambulation, might help to prevent stasis of
blood in the soleal sinuses. It has recently been suggested,
however, that most postoperative deep vein thrombi originate
during operation (Flanc, Kakkar, and Clarke, 1968; Negus,
Pinto, LeQuesne, Brown, and Chapman, 1968) or shortly
afterwards (Sabri, Roberts, and Cotton, 1971). Thus it would
seem essential that the exercise of the calf muscles should start
at operation and continue into the immediate postoperative
period.

Per-operative exercise of the calf muscles was first reported
by Doran, Drury, and Sivyer (1964). They showed, using
24NaCl, that the foot-to-groin transit time reached its highest
level during operation, but that it could be reduced by electri-
cally stimulating the calf. This work was subsequently followed
by clinical trials which showed that per-operative calf stimula-
tion reduces the incidence of postoperative deep vein thrombosis
(Doran and White, 1967; Browse and Negus, 1970). Other wor-
kers, however, have failed to prove conclusively the efficacy of
electrical stimulation as a prophylactic against deep vein
thrombosis (Dejode, Khurshid, and Walther, 1970; Moloney,
Morrell, and Fell, 1970). This suggested that the effects of calf
exercise on blood flow warranted further investigation.

Critical assessment of the effects on vessel blood flow of
electrical stimulation of the calf is difficult for several reasons.
Precise control of the site and intensity of the stimulus, and thus
the muscle contraction, is very difficult. Furthermore, the
measurement of instantaneous flow changes are difficult to
make. With an electromagnetic flowmeter, for example, gross
electrical interference from the stimulating signal prevents
measurements from being made during the stimulation period.
Passive flexion of the foot on the other hand has several advan-
tages: firstly, it mimics active calf contraction by producing
compression of the calf veins; secondly, the flexion can be
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