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ABSTRACT: The aim of this investigation was to study noninvasively the effects of
hypoxaemia, hyperoxaemia and hypercapnia on renal blood flow in normal subjects
and renal allograft recipients, i.e. with denervated kidneys. By comparing these two
groups, the influence of renal innervation on any resulting changes in renal blood
flow could be ascertained.
Nine normal and eight renal allograft recipients were studied. Each subject inhaled
the following gas mixtures in order: room air, 10% O2 (hypoxaemia), 10% O2+baseline CO2 (isocapnic hypoxaemia), 10% O2 + high CO2 (hypercapnic hypoxaemia), 100%
O2 (hyperoxaemia), 100% O2 + baseline CO2 (isocapnic hyperoxaemia) and 100% O2
+ high CO2 (hypercapnia hyperoxaemia). Using Doppler ultrasonography, the pulsatility index (PI), an index of renovascular resistance, was measured at the various gas
inhalation levels.
In normal subjects, the renovascular resistance increased in response to hypoxaemia, with a greater increase in response to hypercapnic hypoxaemia. Hyperoxaemia caused a decrease in renovascular resistance but this was abolished with the addition of CO2. There was a similar pattern in the PI response to the different gas
inhalations in the renal transplant subjects, but these responses were attenuated in
comparison with those of the normals.
In conclusion, renal denervation does not completely abolish the renovascular
responses to inhaled oxygen and carbon dioxide.
Eur Respir J 1998; 12: 653–657.

Changes in arterial oxygen and carbon dioxide levels
cause alterations in the renal blood flow. Studies have
shown variable effects of hypoxaemia and increasing oxygenation on renal blood flow, although it is generally
accepted that severe hypoxaemia reduces renal blood flow
[1, 2]. There is more general agreement on the effect of
hypercapnia, which reduces renal blood flow in subjects
with chronic obstructive pulmonary disease (COPD). Hypercapnia has also been shown to prevent improvement in
renal blood flow with the administration of oxygen [1, 3].
There are very few published studies looking at the acute
effects of changes in inspired oxygen and carbon dioxide
on renal blood flow in normal subjects [4, 5].
The mechanisms whereby alterations in oxygen and
carbon dioxide levels influence renal blood flow are not
fully understood. It is thought that the renal nerves and
various hormones and neuropeptides including catecholamines, dopamine and endothelin are the main factors influencing the changes in renal blood flow [3, 6, 7]. In this
study, the effect of different levels of inspired oxygen and
carbon dioxide on renal blood flow was compared in normal subjects and in subjects postrenal transplantation, i.e.
subjects with denervated kidneys. By comparing these two
groups, it could be ascertained whether renal denervation
abolished the renovascular responses to the gas inhalations.
The development of Doppler ultrasonography has allowed
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the rapid, accurate, reproducible and noninvasive investigation of renal blood flow and is ideally suited for human
studies.
Methods
Subjects
Nine normal and eight renal allograft recipients were
studied. All participants were male. Each subject gave informed consent and the hospital ethics committee approved the study protocol. The normal subjects were recruited
from the hospital medical staff. They were all in good
health and none was taking medication.
The renal transplant subjects were recruited from the
nephrology outpatient department. They were at least 18
months post-renal transplantation (mean 30 months), and
had no history of cardiac or respiratory disease. Renal
function was stable in each subject, with serum creatinine
level <250 µmol·L-1 and no recent episodes of rejection.
All subjects were receiving immunosuppressive therapy
which included prednisolone, azothioprine and cyclosporin.
Seven of the subjects were taking antihypertensive medication, consisting of a β-blocker in five cases and nitrates
in two, and this medication was omitted for 24 h before
the study.
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Ultrasonography
Each subject fasted for 6 h before the study. An Acuson
128 real-time ultrasound scanner (Acuson Corporation,
Mountain View, CA, USA) with colour flow and pulsed
scanning facility was used to carry out the Doppler ultrasound examinations [8]. In the normal subjects, the kidney
was scanned via the translumbar route, with the subject
seated, while the transplanted kidney was scanned via the
transabdominal route, with the patient supine. The renal
hilum was identified and a renal interlobar artery selected.
From the sonogram produced, the integrated computer
software calculated the pulsatility index (PI). The PI is
obtained by calculating the difference between the peak
systolic frequency shift (velocity) of the Doppler spectrum (A) and the end-diastolic frequency shift (B), which
is then divided by the mean frequency shift (mean), such
that PI = (A-B)/mean. PI is an index of resistance to flow
distal to the point of sampling in the vascular bed; thus, it
is an indirect index of the degree of vasoconstriction,
rather than a direct measurement of renal blood flow [9].
The lower the PI, the lower the resistance to flow and,
therefore, the greater the rate of flow [10]. In the author's
centre, the coefficient of variation of PI is 2.05% [8] and
each PI result presented is the mean of three measurements.
The PI was used in preference to measuring renal artery
velocity directly, as this would require calculation of the
angle between the beam of insonation and vessel wall and
this angle has to be kept between 45° and 65°. Technically, this angle is extremely difficult to reproduce in each
pat-ient as the kidney moves with respiration and a limited
time was available for each measurement. By using the PI,
it is presumed that the angle of insonation is always 0°
therefore, it is much easier and quicker to record this measurement. The PI is independent of the vessel diameter
and the angle between the Doppler beam and the vessel
axis [9].

and the inhaled CO2 levels were adjusted as necessary
to maintain the Pet,CO2 at the desired level. As the Pet,CO2
fell on breathing 10% O2, the inspired CO2 was titrated to
bring the Pet,CO2 back to baseline levels. Each subject
inhaled the following gas mixtures in order: room air, 10%
O2 (hypoxaemia), 10% O2+baseline CO2 (isocapnic hypoxaemia), 10% O2 + high CO2 (hypercapnic hypoxaemia),
100% O2 (hyperoxaemia), 100% O2 + baseline CO2 (isocapnic hyperoxaemia) and 100% O2 + high CO2 (hypercapnia
hyperoxaemia). High CO2 was achieved by adding 1–2 L
CO2·min-1 to the 10% and 100% O2 inhalations, sufficient
to raise the Pet,CO2 by at least 1.5 kPa from baseline. An
attempt was made to reach the same level of Pet,CO2 during
the 10% and 100% O2 inhalations. Each gas inhalation
was maintained for at least 10 min, until a stable Pet,CO2
was reached, and the PI was then measured. There were
no intervening rest periods between the various gas inhalations. The different gas mixtures were well tolerated by
each subject and no significant side-effects were experienced. The Sa,O2 was prevented from dropping below 80%
during hypoxaemia by the addition of O2 to the circuit, if
required.
Data analysis
The PI measurements during inhalation of different gas
mixtures were compared using the Kruskal-Wallis test for
nonparametric data. The Dunn's multiple comparison test
was used, where appropriate, to determine the levels at
which the changes in PI were significant. Numerical variables were compared between the normals and renal transplant subjects by the Mann-Whitney test for
nonparametric data. Variables were also compared by
means of least squares regression analysis. The results are
given as mean±SD, and a p-value <0.05 was considered significant.

Circuit
Two 100 L Douglas bags were filled with a mixture of
10% O2 and 90% N2. These were connected to a breathing
circuit, to which room air, 100% O2 and 100% CO2 at varying flow rates could be added. The subjects breathed via
a facemask which occluded the nose, and had one-way
inspiratory and expiratory valves. End-tidal CO2 tension
(Pet,CO2) was monitored by means of a CO2 sensor attached to the expiratory port. A Hewlett-Packard capnometer was used, which was calibrated before each study
(Hewlett Packard, Waltham, MA, USA). Arterial oxygen
saturation (Sa,O2) was monitored by means of a SensorMedics (Anaheim, CA, USA) pulse oximeter with a finger
probe. The subjects held the facemask tightly in place, so
that they could remove it quickly if they became distressed. The presence of air leaks was excluded by a stable
Pet,CO2 reading. Pet,CO2 is the CO2 tension at the peak of
exhalation [11], and in healthy humans, is approximately
0.13 kPa (1 mmHg) lower than the alveolar CO2 tension.
Therefore, Pet,CO2 can be used as an indirect way of recording arterial CO2 tension (Pa,CO2) [12].
The effect of hypoxaemia and hyperoxaemia alone and
then with CO2 added was studied. To study the effects of
changing oxygenation independently of changes in arterial CO2 levels, the Pet,CO2 was continuously monitored

Results
The mean age of the normal subjects was 27±2.6 yrs
and that of the transplant subjects was 35.2±5.36 yrs (p<
0.005). In the normals, the PI changed significantly in resTable 1. – Arterial oxygen saturation (Sa,O2), end-tidal carbon dioxide tension (Pet,CO2) and changes in pulsatility index (PI) in normal subjects (n=9)
Pet,CO2
kPa

PI

96.6±0.7
83.3±2.2**

5.1±0.6
4.4±0.4**

0.86±0.11
0.96±0.13

84.2±3.3**

5.1±0.5

1.03±0.14

87.8±4.4**

6.8±0.6**

1.14±0.14*

98.6±0.4**

4.0±0.6**

0.77±0.1

98.4±0.7**

5.1±0.5

0.88±0.09

98.4±0.9**

6.8±0.5**

1.01±0.12

Sa,O2
%
Baseline Sa,O2
Hypocapnic
hypoxaemia
Isocapnic
hypoxaemia
Hypercapnic
hypoxaemia
Hypocapnic
hyperoxaemia
Isocapnic
hyperoxaemia
Hypercapnic
hyperoxaemia

Data are shown as mean±SD. **: p<0.01; *: p<0.05, change in
variable from room air.
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Table 3. – Comparison between the absolute and percentage changes in pulsatility index (PI) from baseline in
both groups

1.4
1.2

Normal

1.0

Age yrs
Baseline PI
Isocapnic hypoxaemiabaseline PI
Hypercapnic hypoxaemiabaseline PI
Isocapnic hyperoxaemiabaseline PI
Hypercapnic hyperoxaemiabaseline PI

PI

0.8
0.6
0.4

Renal
transplant

p-value

27.1±2.6
35.3±5.4 <0.001
0.86±0.11 1.03±0.15
0.02
NS
0.17±0.13 0.12±0.09
19.8%
11.6%
NS
0.29±0.13 0.19±0.15
33.7%
18.4%
NS
0.05±0.06 -0.007±0.09
5.8%
-0.7%
NS
0.15±0.09 0.09±0.13
17.4%
8.7%

Data are shown as mean±SD. NS: nonsignificant.

0.2

Hypercapnic
hyperoxaemia

Isocapnic
hyperoxaemia

Hypocapnic
hyperoxaemia

Hypercapnic
hypoxaemia

Isocapnic
hypoxaemia

Hypocapnic
hypoxaemia

Room air

0

Fig. 1. – Change in pulsatility index (PI) in response to different levels
of oxygen and carbon dioxide in the normal (
) and renal transplant
(
) subjects. Data are shown as mean±SD.

ponse to changes in inhaled O2 and CO2 levels (p<0.001
by Kruskal-Wallis testing). The PI rose during hypoxaemia (suggesting an increase in renovascular resistance)
but this was not significant on Dunn's multiple comparison testing (table 1, fig. 1). However, the Pet,CO2 simultaneously decreased, which may have opposed the renovascular
response to hypoxaemia. There was a steady rise in PI as
the Pet,CO2 was raised in the presence of hypoxaemia, inducing first isocapnic hypoxaemia and then hypercapnic
hypoxaemia (table 1).
When 100% O2 was inhaled, the Pet,CO2, contrary to expectations, fell in all except for one normal subject (p<
0.01). This was accompanied by a significant fall in renal
vascular resistance when compared with the hypercapnic
hypoxaemia level (p<0.001). However, when the Pet,CO2
was corrected back to baseline levels, the PI also returned
Table 2. – Arterial oxygen saturation (Sa,O2), end-tidal carbon dioxide tension (Pet,CO2) and pulsatility index (PI) changes in renal transplant subjects
Sa,O2
%
Baseline Sa,O2 (n=8)
Hypocapnic
hypoxaemia (n=2)
Isocapnic
hypoxaemia (n=7)
Hypercapnic
hypoxaemia (n=6)
Hypocapnic
hyperoxaemia (n=4)
Isocapnic
hyperoxaemia (n=8)
Hypercapnic
hyperoxaemia (n=8)

Pet,CO2
kPa

PI

96.9±1.0
86.5±2.1**

4.5±0.5
4.4±0.2

1.03±0.15
1.05±0.13

83.4±5.1**

4.5±0.5

1.15±0.18

90.3±3.2**

6.3±0.8**

1.18±0.13

99.0±0.0**

3.2±0.6*

1.01±0.09

98.8±0.5**

4.4±0.4

1.02±0.14

98.8±0.5**

6.3±0.9*

1.15±0.08

Data are shown as mean±SD. **: p<0.01; *: p<0.05, change in
variable from room air.

to baseline levels. This suggests that hyperoxaemia had no
effect on renovascular resistance when isocapnia was maintained. When hypercapnic hyperoxaemia was induced, the
PI rose once more (p<0.05), suggesting that hypercapnia
can override the beneficial effect of hyperoxaemia on renovascular resistance.
In the transplant subjects, there were qualitatively similar trends in the renovascular resistance responses to permutations in inhaled O2 and CO2, although these changes
were not significant (table 2, fig. 1). In percentage terms,
the PI responses in the transplant subjects were approximately half those of the normal subjects (table 3). There
were no significant differences in the change in PI from
baseline values between the two groups. In contrast to the
normal subjects, the Pet,CO2 fell in only two transplant subjects in response to hypoxaemia and three subjects in response to hyperoxaemia, so these data are not shown in
table 2.
Discussion
In this study, in normal subjects, renovascular resistance increased in response to hypoxaemia, with a further
increase when hypercapnic hypoxaemia was induced. Renovascular resistance decreased with hyperoxaemia, but there
was a simultaneous fall in Pet,CO2 and when isocapnia was
restored the fall in renovascular resistance was abolished.
Hypercapnic hyperoxaemia caused a rise in renovascular
resistance above baseline room air levels. These responses
were diminished in the renal transplant subjects.
The primary aim of this study was to determine the
changes in renal haemodynamics in response to varying
levels of inspired oxygen and carbon dioxide. The secondary aim was to look at possible mechanisms for such
changes. Thus, patients with renal transplants were studied to determine whether denervation abolished the renovascular responses. Histological studies have shown evidence
of partial renal nerve regeneration in human renal transplant recipients [13]. However, a recent study has shown
that, despite this regeneration, the human transplanted
kidney remains functionally denervated [14].
In this study, the denervated subjects still had a partial
response to varying oxygenation and CO2, suggesting that
renal innervation is not solely responsible for the observed
changes. It appears likely that other factors, such as circu-
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lating catecholamines and neuropeptides, also contribute
to these renovascular responses in humans.
Hypercapnia caused a rapid and marked rise in renovascular resistance, suggesting a decrease in renal blood flow,
and this occurred even in the presence of hyperoxaemia.
The effect of hypercapnia on renal blood flow is well documented in animal studies [15–17] and in subjects with
respiratory failure [1, 3, 18] but, to our knowledge, no
recent studies have been conducted on normal subjects.
The most recent study, using methodology similar to the
present study, showed that subjects with COPD and hypercapnic respiratory failure had a lower baseline renal
blood flow than normocapnic hypoxaemic COPD subjects
[3]. The hypercapnic subjects also failed to improve their
renal blood flow with added oxygen, in contrast to the
nor-macapnic subjects [3].
Hypercapnia can reduce renal blood flow by several
potential mechanisms. Hypercapnia causes noradrenaline
release via chemoreceptor stimulation and peripheral vasodilation, leading to renal vasoconstriction [6, 7, 19]. In
addition to circulating noradrenaline, there is local release
of noradrenaline in the kidneys via the efferent sympathetic nervous system [20]. In animal studies, the renal
blood flow response to hypercapnia is abolished by renal
denervation, suggesting that local neurogenic mechanisms
play a dominant role in renovascular control in animals
[17, 21, 22]. In the present study, in post-renal transplant
subjects, i.e. those with denervated kidney, the renovascular response to hypercapnia was not totally abolished
(tables 2, 3), being 50–55% of the change observed in normals. The lack of a significant difference between the two
groups may be due to the small numbers in the study. Thus,
while renal innervation plays some role in renovascular
responses to hypercapnia, other factors such as circulating
catecholamines and neuropeptides may also play a role.
Severe hypoxaemia is generally agreed to cause reduced renal blood flow in both humans and animals [1, 22–
24]; however, there are conflicting reports on the renal
effects of moderate hypoxaemia [1–3, 25–29]. FISHMAN et
al. [27] found that renal plasma flow increased with hypoxaemia and decreased during oxygen therapy. MANNIX et
al. [25] and REIHMAN et al. [28] found no change in ren-al
blood flow with changing levels of oxygenation. These
investigators studied COPD patients using para-aminohippurate or radioisotope clearance techniques to measure
renal plasma flow, which may be inaccurate in the presence of the impaired renal tubular function that frequently
occurs in severe COPD [30, 31]. Invasive devices and general anaesthesia, such as in the study of FISHMAN et al. [26],
may also have interfered with the results obtained. A
recent study using similar methodology to the present
study showed that renal blood flow was reduced in subjects
with hypoxaemic COPD (mean Pa,O2 6.9 kPa) compared with
normal controls [2]. The present study is comparable to
this, as the normal subjects reached an Sa,O2 of 80–90%,
i.e. Pa,O2 approximately 6.4–8.0 kPa. Few studies have
been carried out on normals, however, a recent altitude
study (Sa,O2 79–83%) showed that renal blood flow fell by
10% [4]. Almitrine bismesylate, a chemoreceptor stimulant that simulates the effect of hypoxaemia, increased
renal blood flow in the first hour postadministration in
normals, but it fell 4 h later [5].
Conflicting results were also found in early COPD studies of the effects of added O2 on renal blood flow [1, 25–

28]. A possible criticism of these studies was a failure to
control for CO2 levels, which usually increase with O2
therapy. Two recent studies in COPD patients, also using
Doppler methodology, showed improved renal blood flow
when oxygenation was improved [2, 3]. In the study by
HOWES et al. [3], the patients with hypercapnia failed to
improve their renal blood flow in response to O2 administration, supporting the present findings. A preliminary
study from our department of subjects with respiratory
failure showed that renal blood flow increased acutely in
res-ponse to inhaled O2 and this improvement was also
rev-ersed by inducing hypercapnia [29].
The mechanisms whereby changes in oxygenation affect renal blood flow are not fully understood. In an animal study, the changes in renal blood flow induced by
hypoxaemia were prevented by denervation of the peripheral chemoreceptors and markedly attenuated by renal
denervation, but not influenced by adrenalectomy [32].
This suggests that changes in renal blood flow are caused
by a reflex mechanism, dependent on the sympathetic
nerves and chemoreceptor stimulation. The present results
would be consistent with this finding, as attenuation of the
changes in renovascular resistance in response to changes
in O2 was seen in the subjects with denervated kidneys.
The mechanism whereby hyperoxaemia increases renal
blood flow is unknown but may be due to inhibition of the
chemoreceptors by hyperoxaemia (the opposite effect to
hypoxaemia). Hormones and neuropeptides such as
noradrenaline, endothelin and the renin-angiotensin activating system may also play a role, together with a direct
effect of hyperoxaemia on the renal vessels.
Possible explanations (other than denervation) for the
attenuated renovascular responses in the transplant subjects include their greater age, their impaired renal function, the effect of medication and possible narrowing of
the renal artery anastamosis. However, there was no overt
Doppler evidence of renal artery stenosis in the subjects
and there was only a 20% difference in the baseline renal
interlobar artery PI between the two groups. Ideally, the
two groups should have been matched for age and serum
creatinine, however, this does not detract from the finding
that the transplant subjects still had a partial response to
changes in O2 and CO2 despite renal denervation.
The Pet,CO2 rose in response to hyperoxaemia in all
subjects apart from three of the transplant subjects. A possible explanation for this may be the roll-off effect. During
the first few seconds of hypoxaemia, there is a rapid
increase in respiratory frequency owing to stimulation of
the carotid body. However, this increase falls to a plateau
(hypoxic roll-off) which is between one-quarter and onethird of the peak value in adults [32]. It is thought that the
respiratory frequency is inhibited from a central source,
possibly the brainstem. The present subjects were made
hypoxaemic, resulting in an increase in respiratory frequency, and 100% inspiratory oxygen fraction (FI,O2) was
applied soon afterwards. This hyperoxaemia could have
inhibited the central inhibition on the respiratory frequency, leading to an increase, not the expected decrease,
in respiratory frequency and a fall in Pet,CO2. Unfortunately, the respiratory frequency was not recorded during
the study.
The Pet,CO2 fell in only two of the eight transplant subjects in response to hypoxaemia. The differing Pet,CO2 response to changing oxygenation in both groups could possibly
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be related to the effect of cyclosporin. Cyclosporin can affect
the distal renal tubule, causing a tendency towards renal
tubular acidosis, which could affect the exchange of hydrogen ions and bicarbonate.
It is well known that subjects with hypercapnic respiratory failure have a tendency to oedema, which is mediated
in part via reduced renal blood flow [6–8]. Controlled
oxygen therapy can help to resolve this oedema [20]. The
findings of the present study are consistent with these
clinical observations and provide a possible mechanistic
ex-planation. However, the effects of acute changes in O2
and CO2 only were studied, and it is possible that more
chronic changes in arterial blood gases may have a differing effect on renal blood flow.
In summary, in normal subjects, the pulsatility index
increased with hypoxaemia, with a further increase with
hypercapnic hypoxaemia. This suggests a fall in renal blood
flow. Hyperoxaemia caused a decrease in the pulsatility
index, which was abolished with the addition of CO2. These
responses were attenuated, but not abolished in the renal
transplant subjects, suggesting that renal innervation plays
a role in the renal blood flow responses to acute alterations in inspired O2 and CO2.
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