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    Abstract     In patients with subarachnoid haemorrhage, pul-
satile intracranial pressure (ICP) is more strongly associated 
with adverse events than mean ICP. Furthermore, patients 
with idiopathic normal-pressure hydrocephalus (iNPH), and 
pulsatile ICP of 5 mmHg or more, gain more benefi t from 
cerebrospinal fl uid (CSF) shunting than those whose pulsa-
tile ICP is lower than 5 mmHg. 

 Our study aims to investigate the morphological relation-
ship between ICP pulsations, aortic pressure pulsations and 
radial artery pulsations. Central aortic pulse pressure has 
been known to be the best predictor of adverse cardiac 
events, whereas radial artery pulse pressure is generally mea-
sured and displayed in intensive care environments. 

 We studied 10 patients with iNPH, and their ICP and 
 aortic and radial pressures were digitised, ensemble- averaged 
and compared in the time and frequency domains. The ICP 
wave contour was quite different to the radial pressure wave-
form. By contrast, the ICP waveform was similar to the 

 aortic pressure wave contour. The ICP amplitude averaged 
<10 % of aortic pulse pressure. In the frequency domain, the 
relative amplitude of the fi rst three harmonics was similar for 
the ICP and aortic pressure. Hence, monitoring central aortic 
pressure through derivation from the radial pressure wave is 
superior to measurement of radial pressure alone.  

  Keywords     Intracerebral pressure waveform   •   Central aortic 
pressure waveform   •   Pressure waveform analysis  

      Introduction 

 Pulsations of pressure in the brain or in the aorta are directly 
related to cardiovascular and cerebrovascular adverse events. 
Central aortic pulse pressure is the best blood pressure pre-
dictor of cardiac events [ 1 ]. For the brain, pulsatile intracere-
bral pressure is more closely related to adverse events than 
mean pressure following subarachnoid haemorrhage or head 
injury [ 2 ,  3 ]. In patients with idiopathic normal-pressure 
hydrocephalus (iNPH), more benefi t is gained from cerebro-
spinal fl uid (CSF) shunting in those with higher (>5 mmHg) 
than in those with lower (≤5 mmHg) pulsatile intracranial 
pressure (ICP) [ 4 ]. 

 Lacunar artifacts are more prevalent among people whose 
carotid arterial pressure or fl ow waves show greater late sys-
tolic augmentation [ 5 – 7 ]. Patients with lower aortic pressure 
augmentation during systole have better survival prospects 
following head injury than those with high augmentation [ 3 ]. 
High-pressure augmentation is the most common cause of 
isolated systolic hypertension in older persons, and the most 
common cause of cardiac failure and stroke [ 1 ]. Both fl ow 
and pressure augmentation are markedly reduced by the sys-
temic arterial vasodilator nitroglycerine, with little effect on 
mean pressure or fl ow [ 3 ,  6 ,  8 ]. 
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 This study seeks to clarify the relationship among ICP 
pulsations, central aortic pressure pulsations and pulsations 
in the radial artery, where pressure is most conveniently mea-
sured in intensive care situations.  

    Materials and Methods 

 Ten patients with iNPH had ICP measured by a Codman 
catheter system, simultaneous with radial pressure before 
therapeutic CSF shunting to the peritoneal cavity. The cen-
tral aortic pressure waveform was estimated from the radial 
pressure waveform using a US Food and Drug 
Administration–validated generalised transfer function [ 3 ]. 
The three pressure waveforms were digitised, ensemble-
averaged and then compared in the time and frequency 
domains. Details of patients are given in Table  1 .

       Results 

 In these iNPH patients, mean ICP was within the normal range 
(−7.1 to 9.9 mmHg), and pressure pulsations were of low ampli-
tude (2.9–12.0 mmHg), on average <10 % of aortic pulse pres-
sure. The ICP wave contour was quite different from the radial 
pressure wave contour. In all radial waveforms, the initial sys-
tolic peak, some 100 ms after the foot of the wave, was lower 
than the second systolic peak, whereas the ICP second systolic 
peak was dominant in all patients, averaging 35 % of total wave-
form height. In contrast to the radial waveform, the central aor-
tic pressure waveform was almost identical to the ICP waveform, 
at least during the period of systole, and the augmentation index 

(height of the secondary wave ÷ amplitude of the wave) was 
30 % and similar to that of ICP (Fig.  1 ). In the frequency domain, 
relative amplitudes of the fi rst to third harmonics were similar 
for the aortic and ICP waveforms ( p  = 0.55, modulus;  p  = 0.14, 
phase).

       Discussion 

 There are many reasons why the central aortic pressure wave 
is preferred to the radial pressure wave for monitoring cere-
bral vascular haemodynamics. These include:

    1.    The radial aortic pressure wave is normally amplifi ed by 
up to 70 % in the upper limb (Fig.  1 ); thus, the radial 
artery pulse pressure may be 5–25 mmHg greater than the 
central aortic pulse pressure. Amplifi cation depends on 
the shape of the aortic and radial waveforms, and is cor-
rected through use of the generalised transfer function 
process [ 3 ].   

   2.    The aortic pressure waveform is similar to that in the 
carotid and vertebral arteries, and is the waveform that 
dilates the cerebral arteries with each beat of the heart, 
thereby generating the ICP waveform.   

   3.    The pressure (and fl ow) waveforms that perfuse the brain 
have two components; the fi rst an impulse generated by 
ventricular ejection, with a peak some 100 ms after the 
foot of the wave, and the second a broader, wider wave 
that boosts (augments) pressure during the latter part of 
systole and contributes at least in these patients, almost 
half of the pressure wave amplitude. The importance of 
this wave, caused by wave refl ection from the lower part 
of the body, is not apparent on the radial artery tracing 

   Table 1    Subjects’ characteristics   

 iNPH 
ID 

 Gender  Age  Radial pressure  Central pressure  Mean 
pressure 

 ICP 

 Systolic  Diastolic  Pulse  Systolic  Diastolic  Pulse  Peak  Trough  Pulse  Mean 

 1  Female  77  152.8  35.3  117.5  128.7  37.5  91.2  73.9  5.7  −6.3  12.0  −1.3 

 2  Male  82  144.7  63.5  81.2  123.1  66.0  57.1  90.8  7.6  0.9  6.7  4.4 

 3  Male  74  114.0  61.6  52.4  108.5  62.7  45.8  80.6  15.4  4.8  10.6  9.9 

 4  Male  73  127.0  63.5  63.5  116.4  65.3  51.1  86.8  7.4  1.5  6.0  4.3 

 5  Female  75  143.9  69.2  74.8  137.7  71.0  66.7  98.3  5.6  −2.0  7.6  1.4 

 6  Male  71  146.3  65.4  80.9  135.3  67.6  67.7  91.3  5.1  −2.0  7.2  1.2 

 7  Female  83  134.8  54.9  79.9  109.5  56.1  53.4  79.1  −3.8  −6.7  2.9  −5.2 

 8  Male  74  155.7  77.6  78.2  135.6  78.3  57.3  102.2  −4.8  −9.3  4.5  −7.1 

 9  Male  75  150.1  66.4  83.7  123.7  68.1  55.6  89.1  7.3  3.3  4.1  5.3 

 10  Male  74  148.1  60.5  87.6  119.7  63.2  56.5  86.9  6.1  0.1  6.0  3.1 

 Mean  75.8  141.7  61.8  80.0  123.8  63.6  60.2  87.9  5.2  −1.6  6.7  1.6 

 SD  3.9  12.9  11.0  16.8  10.5  10.8  12.7  8.6  5.8  4.6  2.8  5.1 
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  Fig. 1    Representative radial, aortic and intracranial pressures from one patient ( left ); pressure pulses scaled to the same amplitude ( right )       

because (at least in these older subjects) it is not as high 
as the initial pressure wave. The aortic pressure wave-
form provides a better guide to the stresses that are 
applied to the cerebral vasculature than the radial wave.   

   4.    Reduction in wave refl ection from the lower body is read-
ily achieved with arterial (in contrast to arteriolar) vasodi-
lators, such as nitroglycerine. This can reduce wave 
refl ection from the lower body by 60 % or more (Fig.  2 ), 
thereby markedly reducing pressure and fl ow pulsations in 
the aorta and cerebral arteries [ 9 ]. The ill-effects of central 
pressure pulsations on the cerebral vasculature are readily 
apparent from the contour of the aortic waveform. There is 
every reason to believe that reducing wave refl ection from 
the lower body with drugs such as  nitroglycerine improves 
recovery from cerebral insults, as has already been shown 
for the heart [ 6 ,  8 ]. This has yet to be confi rmed for the 
brain, but it is a defi nite possibility, and one that can be 
readily monitored by the measurement of intracranial and 
central aortic pressure in routine intensive care.

       In conclusion, monitoring of central aortic pressure 
through the use of radial pressure wave convolution is supe-
rior to radial pressure wave monitoring, because:

    1.    It eliminates the variable amplifi cation between the aorta 
and the radial artery under different conditions and in dif-
ferent subjects.   

   2.    It closely corresponds to the contour of the ICP, at least 
during systole   

   3.    It identifi es a surge of pressure with each heart beat, 
which is potentially injurious to the vasculature of a dam-
aged brain   

   4.    It can be used to monitor the potentially benefi cial effects 
of drugs that reduce wave refl ection.         
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  Fig. 2    Effect of nitroglycerine on pressure waveforms, as published in Pauca et al. [ 9 ]       
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