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Cemented stems in healthy elderly patients result in higher hypoxia
despite a paradoxical lower femoral increase of intramedullary
pressure
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Abstract

Purpose Hypoxia is a well-known complication in cemented arthroplasty; however, it is not known whether the level of hypoxia
is related to the intramedullary pressure or to the age of the patient; therefore, we studied the intramedullary pressure and level of
hypoxia in patients undergoing cemented arthroplasty.

Methods A prospective study was performed during cemented arthroplasties in 25 patients with an average age of 66.2 + 12.1
years old. The intramedullary pressure (IMP) was measured by placing a pressure transducer within the bone while simulta-
neously measuring the pulse oximetry arterial oxygen saturation (SpO2), pulse, and blood pressure. These variables were
obtained immediately after spinal anaesthesia, five minutes after cementation, and 15 minutes after prosthesis insertion.

Results One hundred percent of patients had hypoxia at some level, but 83% of elderly patients (older than 66.5 years) had
hypoxia (SpO2 <94%) as compared to only 23% of younger patients (p = 0.006). In the group of young patients, IMP was
roughly increased 32 times as compared with baseline level, with as consequences a decrease of 4% of SpO2 (from 98.3 to
94.15%); in the elderly group, the IMP was only increased 20 times, but a decrease of 6% of SpO2 (from 97.25 to 91%) was
observed.

Conclusions This series demonstrated higher hypoxia in elderly healthy patients despite a paradoxical lower femoral increase of
intramedullary pressure as compared with younger patients. This hypoxia is probably not only related to the cement but also to
the patient’s age with decline of maximum oxygen uptake capacity and increase bone porosity.

Clinical trials ClinicalTrials.gov Identifier: NCT03930537 https:/clinicaltrials.gov/ct2/show/NCT03930537

Keywords Bone porosity - Cement and hypoxia - Cemented arthroplasty - Cemented stems - Intramedullary pressure -
Oxygen uptake

Intra-operative and post-operative deaths [1-3] have been re-
ported with cemented total hip arthroplasties (THA) and
hemiarthroplasty of the hip. One reason for mortality may be
the so-called “bone cement implantation syndrome” (BCIS)
described by Donaldson et al. [4]. The symptoms of BCIS are
hypoxia, with or without hypotension, and/or unexpected loss
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When studying the superior mode of fixation in hip
arthroplasty, one should consider the short-term mortality as
death related to the so-called bone cement implantation syn-
drome. The physiopathology of BCIS has been investigated [9]
by measurement of systemic and pulmonary haemodynamics
during cemented arthroplasty for hip fracture. The results sug-
gested that embolization from the medullary canal was present in
all cases, but intramedullary pressure was not measured. The
clinical consequence according to patients’ capability of handling
a sudden hypoxia is a syndrome ranging from hypoxia to
fulminatory pulmonary and systemic marrow embolization, right
ventricular failure, and circulatory collapse.

If some consequences of BCIS are predictable for high-risk
patients, to our knowledge, an analysis of the degree of hyp-
oxia in normal healthy patients without comorbidities under-
going cemented stem has not previously been published and
has not been correlated to the level of increased intramedullary
pressure. Furthermore, whether the increase in intramedullary
pressure with cementation is higher or lower in elderly pa-
tients as compared to young patients has never been studied.

Therefore, we analyzed the following question: Do change
in the intramedullary pressure after implantation of a
cemented femoral stem has a different impact on hypoxia in
elderly and young patients?

Materials and methods
Study design
Population

After approval was obtained from the ethical committee (ap-
proval number: 10/2019 and ClinicalTrials.gov ID:
NCT03930537), informed consent was obtained from each
participant, and the study was conducted in accordance with
the ethical standards of the Declaration of Helsinki for clinical
trial subjects. This was a prospective study performed for a
period of four month duration in 2019 by the University of
Ljubljana, Slovenia.

The inclusion criteria were as follows: all patients willing
to participate who underwent cemented THA, with no limit
done on age. Besides sex, age, pre-admission residence
(assisted living), functional status (reduced mobility), ASA
risk score, and type of anaesthesia (regional or general), we
collected data regarding pre-operative hypoxia, cardiac histo-
ry, and presence of coexisting diseases, including liver dis-
ease, renal failure (serum creatinine >150 pumol/L), previous
stroke, peripheral chronic obstructive pulmonary disease, can-
cer, and all diseases that were considered to be exclusion
criteria for cement and therefore for the study. The other ex-
clusion criteria were patients with periprosthetic fractures,
pathological fractures, arthroplasty revision, and ASA TV.
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Patients were examined by an anaesthesiologist. After screen-
ing, seven patients were excluded from the study: in four
cases, we had technical issues in measuring the IMP; three
patients did not give permission to participate in the study.
A total of 25 patients underwent THA within the period of
four months and was eligible for this study.

Surgery

All surgery was performed by the same surgeon specializing in
THA. Only spinal anaesthesia was performed. Pre-operative in-
travenous cefazolin (2 g) was administered prophylactically, and
thrombosis prophylaxis was performed with anticoagulation. All
surgeries were performed using a posterior approach with the
patient in the lateral position. The PAVI femoral stem (Groupe
Lépine, Genay, France), with a neck shaft angle of 135 or op-
tionally 130 degrees, was used. High-viscosity orthopaedic sur-
gery bone cement (AMINOFIX 3; Groupe Lépine Genay,
France) was used. After cutting the femoral neck, the femoral
canal was reamed according to the standard procedure. We irri-
gated the femoral canal with saline and introduced a drain. The
cementation technique was the same for all the patients. After
preparation with manual mixing, the high-viscosity cement was
inserted into the canal with the finger packing method, and air
plugs were not used.

Methods
Assessment of intramedullary pressure

The system has been used and described in previous publica-
tions, both in humans [10] and in animals [11]. Pressures were
recorded continuously during cementing using a disposable
measuring system consisting of two parts, one unit measuring
pressure and one sterile suction unit connecting the medullary
canal to the pressure measuring unit. With a percutaneous
approach, one hole was drilled in the lateral cortex of the
femur; this hole was situated in regard of the middle part of
femoral component, when using a template; as the femoral
component is 15 cm long, then the midpoint is approximately
at 7.5 cm from the tip of the stem (Fig. 1). A stainless-steel
connector was screwed into this hole and attached to a flexible
tubing. A pressure transducer fixed to the other end of the
tubing digitizes the signals and sends them to a computer for
monitoring (unit measuring pressure). This allows continuous
recording of intramedullary pressure. Values were recorded
before, during, and after implantation of the femoral compo-
nent. The device measured the maximum IMP, and all data
were recorded on a memory card. This device can measure
pressure ranging from —2.5 to 2.5 bar (—3332.5 to 3332.5
mmHg). The resulting device had an accuracy of £3 mmHg,
ameasuring tolerance of +3 mmHg, and a fluctuating zero due
to changes in barometric pressure of £6 mmHg. The entire
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Fig. 1 Radiograph and diagram
of'a femur to show the location of
measurement for pressure

device was then placed inside a portable case, with proper
medicinal tubing and the needed fittings.

Assessment of hypoxia/hypotension

In all patients, anaesthesia charts were analyzed for arterial
oxygen saturation, mean arterial blood pressure, and heart rate
with an electrocardiogram. These variables are routinely re-
corded, immediately before induction of anaesthesia and ev-
ery five minutes during the operation. In patients receiving
cemented arthroplasty, the cementation process is marked on
the anesthesia chart. These variables were obtained on three
occasions: (a) immediately after spinal anaesthesia, (b) five
minutes after cementation, and (c) 15 minutes after prosthesis
insertion. The lowest systolic blood pressure recorded within
15 minutes after prosthesis insertion was compared with pre-
insertion values and with cementation values. These values
used to score the severity of hypoxia/hypotension. Each pa-
tient was classified as having no hypotension/hypoxia (grade
0) or grade 1, 2, or 3 hypotension/hypoxia, according to the
criteria of Donaldson et al. [4], where grade 1 was defined as
moderate hypoxia (arterial oxygen saturation < 94%) or mod-
erate hypotension (a decrease in systolic arterial pressure
(SAP) > 20%), grade 2 included severe hypoxia (arterial ox-
ygen saturation < 88%) or severe hypotension (a decrease in
SAP > 40%) or unexpected loss of consciousness, and finally
grade 3 was defined as a cardiovascular collapse requiring
cardiopulmonary resuscitation.

Statistical analysis

All variables are summarized using appropriate descriptive
statistics and graphics. For descriptive purposes, categorical

Pressure transducer
line

variables are presented with number and percentage (%), and
continuous variables with mean (SD). For repeated measures,
ANOVA and the Friedman test were conducted. The differ-
ences between the groups with respect to the clinical results
were assessed using the independent #-test or non-parametric
Mann-Whitney U test. A p-value of <0.05 was considered
statistically significant. The IBM SPSS Statistics 20 program
was used for all statistical analyses.

Results

The 25 patients (14 females) were 66.16 years old (Table 1),
and 40% underwent THA on the left side.

Hypoxia after cementation is a constant
phenomenon, more severe in elderly patients

Some incidence and grade of hypoxia and/or hypotension
were observed in all patients. This was a constant phenom-
enon observed in all the patients. Five minutes after inser-
tion of the cemented stem, the oxygen saturation (measured
with pulse oximetry) decreased (Fig. 2) on an average of

Table 1  Patient demographic characteristics (n=25)

Mean (+ SD) p
Age, years 66.16 £12.08
Operative side, left/right% 40/60 0.424
Sex, male/female (%) 44/56 0.690

Binomial test, o = 0.05
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5.2% (p = 0.001); the results indicate that five minutes after
cementation (Fig. 2), the mean SpO2 significantly dropped
from 97.80 to 92.64 (p<0.001); and 15 minutes after ce-
mentation (Table 2), the mean SpO?2 significantly increased
from 92.64 to 96.20 (p<0.001).

Elderly patients had increased hypoxia (Fig. 3) as com-
pared to younger patients. In patients with cemented
hemiarthroplasty, 100% of patients had hypoxia at some level;
but according to Donaldson’s criteria, among the 13 patients
younger than 66.5 years, only three of 13 had grade 1 level
(SpO2 <94%) and none grade 2 level, while among the 12
patients older than 66.5 years, ten of 12 had grade 1 level, and
three of 12 had grade 2 level (SpO2 < 88%); no grade 3
occurred. Therefore, among the 25 patients, those who were
older than 66.5 years older had more frequently grade 1 level
hypoxia (83% versus 23%; odds ratio (OR) 16.667; 95% CI,
2.273 to 122.218; p = 0.0006).

Regarding the pulse and arterial pressure, changes also were
observed, but not different in the two groups of age. Table 2
shows that after spinal anaesthesia was induced, the mean
pulse was 78.64 per minute; five minutes after cementation,
this value significantly increased to 92.32 per minute
(p<0.001); 15 minutes after cementation, the pulse significant-
ly decreased to 78.48 mmHg, approximately the initial value,
p<0.001. The mean initial value and the mean value of the
pulse 15 minutes after cementation were not significantly dif-
ferent from each other (p>0.05). The mean initial arterial pres-
sure was 131.08/79.8 mmHg. After cementation, this value
significantly dropped to 109.6/66.20 mmHg (p<0.001).
However, 15minutes after cementation, the arterial pressure
again increased to 119.92/80.60 mmHg (p<0.001), and the
mean systolic pressure (m=119.92 mmHg) was significantly
(p<0.05) lower than the mean initial value (m=131.08
mmHg), while the diastolic pressure (=80.60 mmHg) was
similar (»p>0.05) to the mean initial (m=79.80 mmHg) value
(Table 2).

Table 2 Pulse oximetry oxygen saturation (SpO2), pulse, and arterial
pressure (mean and SD) for the 25 patients

Time | U} 1]} p

Sp02 (%) 97.802‘1.56 92.6443.57 96.20£;.99 <0.001

N T
Pulse (per minute) 7&64:‘148‘9 92.32+12.45 78.48+13.31 <0.001

Systolic arterial pressure  131.08+18.59  109.6411.49 119924650 <0.001

79.848.26 66.20£10.19

diastolic 80.60¢11.31  <0.001
|

Time: 1) baseline after spinal anesthesia. 1l) 5 min after cementation. Ill) 15 min after cementation.
Values marked with s differ significantly from each other (repeated measures ANOVA with
Wilks” lambda; adjustment for multiple comparisons: Bonferroni, a= 0.05).

Values marked with | ] do not differ significantly from each other.

Time: (I) Baseline after spinal anesthesia. (II) 5 min after cementation.
(IIT) 15 min after cementation. Values marked with - differ signifi-
cantly from each other (repeated measures ANOVA with Wilks’ lambda;
adjustment for multiple comparisons: Bonferroni, v = 0.05)

Values marked with |
other

- do not differ significantly from each
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Increase of intramedullary pressure is a constant
phenomenon, more severe in young patients

The intramedullary pressure (IMP) increased gradually and
significantly (p<0.001) after bone cementation and insertion
of the stem in all the patients. Intramedullary pressure aver-
aged 38.32 mmHg (Table 3) before cutting the femoral neck.
In all patients, the femoral canal pressures increased continu-
ously after the cement was being inserted into the canal; this
value significantly increased to average 709.40 mmHg
(p<0.001). However, during insertion of the stem into the
cement, this value further significantly increased during im-
plantation of the femoral component, and once the stem was
fully seated, it reached average 1010.8 mmHg (p<0.001).

Elderly patients had less increase of intramedullary
pressure as compared to younger patients. Before cutting
the femoral head, both groups had similar (p > 0.05) mean
IMP values (39.08 in young versus 37.62 in old). However,
during cementation, patients younger than 66.5 years
(Table 4) had a significantly (p<0.001) higher mean IMP
(919.58 mm HG) than patients who were older than 66.5
years (515.38 mm HG). Similar results were observed dur-
ing implantation of the femoral component, with respective
average 1279.17 mm HG and average 763.08 mm HG
(p<0.001).

Correlations between age of patients, intramedullary
pressure and hypoxia

The consequences of increase intramedullary pressure were
not the same on hypoxia for elderly and young patients. In
group of young patients, IMP was roughly increased 32 times
with as consequences a decrease of 4% of SpO2 (from 98.3 to
94.15); in elderly group, IMP was only increased 20 times, but
a decrease of 6% of SpO2 (from 97.25 to 91) was observed.

The temporal correlation between increase intramedullary
pressure and hypoxia was only present during the first five
minutes after cementation. The oxygenation index was im-
paired after cementation and prosthesis insertion, and the de-
cline in oxygenation index was maximal immediately after
cementation and prosthesis insertion. However, 15 minutes
after cementation, the intramedullary pressure remained high,
while the oxygenation index was improving returning to a
quite normal level in young patients, but remaining relatively
lower in elderly patients during a longer time.

Discussion

The most interesting and paradoxical result of our study is
that cemented stems in healthy elderly patients result in higher
hypoxia despite a paradoxical lower femoral increase of
intramedullary pressure as compared with young patients
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Fig. 2 Five minutes after
insertion of the cemented stem,
the pulse oximetry oxygen
saturation decreased in all the
patients

100 %:»

90 %

80 %

when the cement pressurization is done with the same tech-
nique. As other studies [10], we performed only one hole in
the femur for measurement to avoid risk of fracture.

If a clear association between cementation and hypoxia has
been proved, the only cause that has been investigated in the
literature [12—14] is the pressurization of the cement in the
medullary canal resulting in increased medullary pressure
and migration of fat and hypoxia; however, this does not ex-
plain why healthy elderly have lower increase of intra-
medullary pressure with the same technique of cementation
and as consequence a paradoxical higher hypoxia. Two other
factors that were never investigated in the literature as cause of
hypoxia during cementation could be important: (1) the po-
rosity of bone facilitates migration of fat and therefore aug-
mentation of the porosity and may result in decrease of the
intramedullary pressure but increase of fat migration and in-
crease hypoxia and (2) a variation of the peak oxygen uptake
in healthy patients according to the age.

Increased porosity of bone in elderly explains a lower
intra-medullary pressure in older patients

Several authors have reported that significant pressuriza-
tion can occur during insertion of the femoral stem into a
cement filled canal. Song et al. [12] measured in vitro the

Fig. 3 Comparison of hypoxia in
younger and older patients 100

%8
%
%
22
%0
88
8
80
1 2 3 4 5 & 7 8 9

Youngrr patients

Pulse Oximetry Oxygen-Saturation

I Baseline

5 minutes

| l | L After cement
14 15 16 17 18 20 21 22 23 24 25

pressure in five femurs and found a dramatic increase in the
IMP during insertion of the cemented femoral component,
reaching a maximum of 2385 mmHg. Hallin et al. [13] ina
study of eight patients found that the pressure increased to
more than 600 mmHg. Inserting the stem displaces an equal
volume of cement. This cement is forced to flow proximally
along the narrow gap between the canal wall and stem,
ultimately exiting from the proximal end of the femur.
Pressurization of the cement in this manner can contribute
significantly to the flow of cement into the cancellous bone
bed.

The magnitude of pressure that can be achieved during
stem insertion is dependent on various factors including the
rate of stem insertion, clearance between stem and canal
wall, stem geometry, and the viscosity of the cement. But
the penetration of the cement into the cancellous bone, at
the end, will depend directly of the porosity of the bone.
With a computer model as proposed by Dunne and Orr [15],
it is easy to demonstrate that when the capillary orifice of a
syringe decreases in diameter, the hydraulic pressure com-
ing outside the syringe increases (Fig. 4), when the force
applied on the plunger is the same. Therefore, in bone with
a small porosity (young patient), the pressurization is
higher than in a human femur with greater porosity in older
age [16].

0 1 12 B 19

Ollier patients

100

[ Baseline

| 100%

I

--- 94%
| - 88%

5 minutes
After cement

Pulse Oximetry Oxygen-Saturation
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Table 3 Mean and SD of the intramedullary pressure (n=25)

Time [ II 111 P

IMP  38.32 709.40 1010.8 <0.001
+12.439a +249.568b +326.661c

Time: (I) Before cutting the femoral neck. (II) During cementation. (III)
During implantation of the femoral component. Values differ significant-
ly from each other (repeated measures ANOVA with Wilks’ lambda;
adjustment for multiple comparisons: Bonferroni, o = 0.05)

Bone porosity may increase fat embolization and
hypoxia in elderly (when cement)

Recent studies have confirmed, as in our series, that pa-
tients with cemented stems have risk of hypoxia; Olsen
[7] compared 109 cementless and 986 cemented hips. The
incidence and grade of hypoxia and/or hypotension, ac-
cording to Donaldson’s criteria, were higher and more
pronounced in the cemented group. Interestingly 17% of
patients with uncemented hemiarthroplasty had grade 1
level hypoxia, but no patient had grade 2 or 3 level hyp-
oxia. The incidence of hypoxia was overall 28% in
cemented stems, but 7% had grade 2 or 3 level; and early
post-operative mortality (< 48 h) was 0% and 2% in the
uncemented and cemented groups.

Cortical thickness is decreased in elderly patients; the
cortico-cancellous transitional zone is a site of remodeling
with trabecularization of the inner cortex, this phenomenon
causing bone with age. There is increase bone marrow volume
[17] in elderly patients as compared with younger patients due
to decrease in cortical thickness. Therefore, despite lower
intramedullary pressure, increased fat embolization is pos-
sible in elderly patients, particularly since older bones have
a greater proportion of larger pores (p < 0.05) and greater
intra-specimen variation in pore size (p < 0.001) than youn-
ger bones. As cementation generates intramedullary pres-
sure within the femoral canal that exceed the pressures in
the general venous circulation, this causes a disruption of
the thin-walled medullary vessels. The disruption of the
vessels allows the intravasation and flow of fat, bone mar-
row, bone debris, and polymethylmethacrylate through the
enlarged porosity of bone in the natural drainage system of
the diaphysis.

Why healthy elderly patients are not able to adapt the
peak oxygen uptake to hypoxia?

Peak oxygen uptake (VO2 peak) is the highest value in liters
of oxygen per minute attained upon an incremental or other
high-intensity exercise test, designed to bring the subject to
the limit of tolerance. The upper functional limit of the cardio-
vascular system is generally accepted as the primary limiting
factor of VO2 peak in healthy subjects. The functional re-
serves of the healthy pulmonary system for ventilation and
gas exchange are considered well preserved in non-athletes
exercising at sea level. Therefore, given that the healthy respi-
ratory system is overbuilt [ 18] with respect to requirements for
oxygen uptake, normally in healthy patients without cardio-
vascular comorbidity, hypoxia should be low with short dura-
tion. This was observed in the healthy young adults of our
series but was not observed in elderly patients. This suggests
that the spare capacity of lung function is reduced with in-
creasing age and that VO2 peak may be limited by lung func-
tion in many healthy elderlies. With increasing age, the lungs
loose elastic recoil, the thorax wall gets stiffer and more re-
stricted, respiratory muscle function is impaired, the alveolar
surface area is reduced, and there is increased ventilation-
perfusion heterogeneity [19]. Even though there is a decline
in the capacity for ventilation and gas exchange with age,
there is also an age-related decline reducing the demands on
the respiratory system. Therefore, the margin between de-
mand and capacity in the respiratory system decreases with
age [20]. Cementing a stem in the femur might be a circum-
stance where in healthy patients, the oxygen demand exceeds
the limits of the normal lung. The limitation of VO2 peak has
not been previously reported for hip arthroplasty surgery. This
phenomenon has however been studied for patients with idi-
opathic scoliosis [21] who demonstrated a decline of maxi-
mum oxygen uptake (VO2 peak).

How these results may help for preventive measures
in patients undergoing cemented arthroplasty?

Of course, one should question the use of cemented
arthroplasty in elderly patients with a high ASA score and
compromised cardiac and renal function [22], despite the fact
that the alternative, cementless hemiarthroplasty is associated
with an increased rate of post-operative periprosthetic fracture

Table 4 Intramedullary pressure by patient age

Age <66.5 years old Age > 606.5 years old p
Before cutting the femoral neck 39.08+13.02 37.62+12.37 >0.05
During cementation (n=13) 919.58+ 108.72 (n=12) 515.38+ 169.64 <0.001
During implantation of the femoral component 1279.17+ 186.62 763.077+£207.34 <0.001
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Fig.4 When the force is the same T T
on the plunger of the two syringes
with the same area A, the
hydraulic pressure coming Area A Pa
outside the syringe is the higher
(Pascal theorem) for the smaller
hole L
Area B —] A
>, Pi = Pa X —
3 B
Hydraulic
Pu

[6]. However, even in absence of cement, there is a risk of
hypoxia in elderly patients; in a recent study [8] on 79,557
patients, the 3-day mortality was similar after all-cemented,
all-uncemented, reverse hybrid, and hybrid THA; risk factors
for peri-operative death were patient-related and not related to
mode of fixation. This confirms that the mechanism of BCIS
remains not fully understood; avoiding cement does not pre-
vent from all the complications in elderly patients, and using
of'bone cement appears to be safe in all patient groups, even in
high-risk patients, according to this series. Therefore, efforts
should be made to identify patients at risk for BCIS, and
preventive measures in patients undergoing cemented
arthroplasty (and also for cementless implants) may help to
lower the risk of developing BCIS.

The clinical utility of the oxygen uptake efficiency [23] in
assessing surgical risk warrants further assessment to identify
cut-off values that are sensitive and specific for peri-operative
outcome after a cemented arthroplasty in elderly patients; this
could help to plan a place in resuscitation post-operatively if
necessary.

Improvement of pressurization of the cement was proposed
in the 1990-2000 period [10-13], with the idea that this will
allow cemented stem to survive 30 years in young patients.
One should remember that when performing arthroplasty
in patients older than 80 years, this is not exactly the goal.
The pressure generated by the cement gun is almost dou-
ble that generated by the manual insertion of cement [4],
and cemented stems performed by Charnley (with ce-
ment’s manual insertion) were able to survive 20-30
years, which appears sufficient in elderly patients. The
surgeon cannot change the porosity of the bone, but by
venting of the femoral canal during cementation [10, 24],
he can decrease intravasation of fat and bone marrow in
the systemic circulation. This is accomplished with use of
one drainage cannula placed proximally along the linea
aspera with the tip of the cannula placed distal to the tip
of the stem. Other operative measures during the insertion
of the stem [14], particularly in arthroplasties performed

with cement, may substantially minimize the amount of
widespread systemic delivery of embolic material.

Conclusion

With the present study, we were able to measure the
intramedullary pressure during stem cementation. This study
has some limitations. Changes in the cementing technique
may influence the results. Position of the hole may also influ-
ence the results. Several holes could be a possibility to get
more information. However, the risk of subsequent fracture
of the femur due to the concentration of stress surrounding the
hole cannot be ignored, even if the hole is bridged by the
cemented stem.

Our series demonstrated hypoxia in elderly healthy pa-
tients, despite a paradoxical lower femoral increase of
intramedullary pressure. This hypoxia is probably not only
related to the cement but also to the patient’s age with decline
of maximum oxygen uptake capacity and increase bone
porosity.
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