Measurement of arterial elasticity in healthy children and renal
transplant patients —
Reference values of pulse wave velocity in children and young adults
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Background

The main goal of the clinician should be to discover early,
subclinical signs of cardiovascular (CV) diseases and to prevent the
development of the overt disease and its consequences. Thus there is
an increasing need to find parameters that can be measured by non-
invasive methods and which have an individual predictive value to
forecast early arterial damage to be able to characterize the elevated
CV risk in children and youngsters.

In large adult studies hard end points are used to evaluate the
magnitude of the effect of an individual risk factor or the efficacy
and the value of a therapeutic intervention. Hard end points are
virtually lacking in the paediatric population. Thus, it is necessary to
find simple measures of intermediary end points. Aortic (central)
pulse wave velocity (PWV) is a sensitive marker of arterial stiffness
and cardiovascular outcome. Age and mean arterial pressure (MAP)
are the major determinants of PWV in adults, but information about
its determining factors in the paediatric population are lacking. It is
well-known that during growth, not only aging but the changes of
body size have to be taken into account. The diameter of the aorta is
changing with growth, and according to Moens-Korteweg equation
(PWV2=Eianh/2erp, where Ej,.=Young modulus, h-arterial wall
thickness, 2r-diameter of the vessel lumen, p-blood density) it has a
decisive influence on the change of arterial elasticity.

Chronic kidney disease (CKD) is an important factor
influencing arterial stiffness and the progression of athero- and
arteriosclerosis. Children with CKD follow a pathological growth
curve as a result of growth hormone resistance, disturbed calcium
phosphate metabolism, renal osteodysthrophy, altered lipid -
carbohydrate and protein metabolism.

Thus we should aim to create a reference database of PWV for the
further prospective clinical studies in the paediatric population and to
develop the method of choice for primary and secondary prevention
of CV diseases.



A multitude of various methods and techniques have been
used to assess PWV in adults, as the most widely used applanation
tonometry devices (PulsePen (PP); DiaTechne Inc. Milan, Italy) and
Sphycmocor (SC), Atcor Medical, Sidney, Australia)), or
computerized oscillometric methods (Vicorder (Vic); Skidmore
Medical Bristol, UK).

During our work on non-invasive cardiovascular monitoring in
children we have conducted three studies to find the answer to the
following questions:

Aims

1. To study the role of body dimension on the arterial elasticity
measured as PWV in healthy and CKD (transplanted and uremic)
children; to find the basis of standardization of the method.

2. To determine universal reference values of PWV in children.

3. To compare the non-invasive methods using different devices to
measure PWV.

Patients

1. Assessment of factors influencing PWV in healthy and CKD
children
Transplanted patients (n=25) (age 15,1 (95% Cl= 13,5-16,7)
years; males 15; 46,7 (40,9-52,5) kg, 149 (142-155) cm, PWV
5,46 (5,12-5,8); were examined. The healthy control group of this
part of the study was composed of 188 healthy children.

2. Reference values in children
A total of 1008 healthy normotensive children and youngsters
(age 15,2 years [range 6,5 — 19,9]; 495 males) was investigated in
the frame of an international cooperation.
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3. Comparison of three devices to measure PWYV in children
Healthy or hospital in-patient children and young volunteers
(n=98, 39 males) were measured by three devices (PulsePen (PP),
Sphygmocor (SC) and Vicorder (Vic))

Methods
1. Assessment of factors influencing PWV in healthy and CKD
children

PWV was measured by applanation tonometry using PP,

interfaced with a computer. The probe was connected to a hand

held ECG unit. The pressure and the electrocardiographic signals
were transmitted to a computer. The pulse wave was calibrated by
measuring blood pressure immediately before each recording.

Aortic PWV was defined as the distance of the sampling sites

divided by the time difference between the rise delay of the distal

and proximal pulse according to the R wave belonging to the

ECG gRs complex and is calculated by the software.

Omron M742E and Omron 705IT were used to measure blood

pressure manually.

To compare the healthy children and patients with different age

and body size, the following methods were used:

(a) First, age (A), height and weight (H/W) and age and height
(A/H) matched controls were chosen pair wise to each
individual CKD patient from the pool of 188 healthy children
and compared pair wise to assess the difference of PWV.

(b) More universally height-age standard-deviation (SDS-Z) score
of the 188 healthy children was assessed: six groups were
created, the mean PWV values for each group was calculated
and used as reference (6- <8, 8- <10, 10- <13, 13- <16, 16-
<19, and 19- <21-years) Thereafter the height age of the
patients was assessed by means of standard growth charts.
Height-age was defined as the age corresponding to the 50th
percentile height value identical to the patients’ height.
Standard deviation scores (PWV-Z) normalized for height-age
in the patient population were calculated.
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(c) Finally as a simple age independent variable PWV normalized
to body size was examined.

. Universal reference values for children

Age and height normalized healthy reference values of the 1008
healthy population were calculated by LMS method. Using LMS
method, the distribution of a given variable can be characterized
by the calculation of median (M), variation coefficients (L — ratio
of standard deviation and the mean, SD/mean) and the skewness
(S). Method of the calculation of normalized parameters:
Co()=MO)X[1+L()xS(t)x z,]"*® Where M(t), L(t), and S(t) or C,
(t) for a given age or height (t) z, — standard deviation score
value of the given percentile a=50, z,=0; a=75, z,=0,674; =90,
z,~1,282; 0=95, z,=1,645; =97, z,=1,881.

. Comparison of three devices to measure PWV in children

PP and SC based on the principle of applanation tonometry and
Vic, an oscillometric device — were compared to each other. The
principle of measurement of the PP and SC devices is similar; the
measurements were performed as described above. Vic records
the carotid and femoral pulse wave simultaneously by an
inflatable neck and femoral cuff working on the basis of the
volume displacement method. Transit time is calculated by a
cross correlation algorithm centred on the peak of the second
derivative of pressure wave.

Path length was defined in three ways, shown on Figure 1.



a PulsePen b Vicorder
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PulsePen distance: L-VIC-m = SSN-top of Fem. cuff
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. ) ) L-VIC-corr = (SSN-middle of Fem. Cuff)
Car. : carotid sampling site

SSN : suprasternal notch Car.cuff: carotid cuff
Fem. : femoral sampling site Fem.cuff: femoral cuff

Figure 1. Graphical representation of the distances used by
PulsePen/Sphygmocor and Vicorder

Results

1. Assessment of factors influencing PWV in healthy and CKD

children
(@) Pairwise comparison of age (group A), height and weight
(H/W) and height and age (H/A) matched CKD and healthy pairs
The data are as follows:
group A - age 14,8 (12,9 — 16,1 ) years, weight 56,6 (50,2 — 62,9)"
kg, height 163 (157 — 170 )" cm, PWV 5,14 (4,69 — 5,58) m/s,
PWV Z -0,37 (-0,75-0,01) ", PWV/h 3,16 (2,96 — 3,35) " 1/sec),
group H/W; age 14,8 (12,9 - 16, 1 ) years, weight 56,6 (50,2 —
62,9)" kg, height 163 (157 — 170 ) cm, PWV 5,14 (4,69 — 5,58)
m/s, PWV Z -0,37 (-0,75 - 0,01) , PWV/h 3,16 (2,96 — 3,35)
1/sec)



group: H/A; age 15,03 (13,5 — 16,6) * years, weight 44,5 (39,3 —
49,6) " kg, height 152 (145 — 158)" cm, PWV 4,88 (4,57 —5,19) "
m/s, PWV Z 0,07 (-0,168 — 0,31) ', PWV/h 3,21 (3,03 — 3,38)
1/sec).
Data are shown as mean (95% CI) ('p<0,05 - control vs. Tx; *
p<0,05 - A vs. H/W:; % p<0,05 - A/H vs. H/W: * p<0,05 - A/H vs.
A)
Tx patients were smaller and lighter than A, furthermore, they
were older than the H/W controls. There was no difference
between the anthropometric data of Tx and A/H. The PWV of Tx
patients did not differ from A; however, they had increased PWV
values compared to H/W and A/H. The PWV-Z of Tx (1,01
(0,51-1,52) differed from the corresponding PWV-Z of all control
groups. There was no difference between the PWV-Z values of A,
H/W and A/H groups.

(b) Basis for standardisation of the method in children
In the group of 188 healthy children there was a linear correlation
of PWV with age (r=0,6), weight (0,44), height (0,51), SBP
(0,45), and DBP (0,27) (p=0,0001) and a negative correlation
with heart rate (-0,29; p=0,001). By multivariate regression
analysis only age remained the major determinant of PWV
(8=0,76; p=0,001).
PWV/height was proved to be age independent (PWV/h, =—0,09
(-0,23 —0,06), p=NS). = NS). PWV/h of Tx (3,72 (3,48-3,97)
1/sec) differed significantly from A, H/W and A/H as well as
from the whole control group. There was no difference between
PWV/h of A, H/W and A/H. There was a highly significant
correlation between values of PWV- Z and PWV/h (r = 0,88
/0,79-0,94/ p < 0,000001).

2. Universal reference values for children
Reference values were calculated for boys and girls separately.
Univariate regression analysis revealed a strong positive
correlation among age, height, weight, SBP, DBP, MAP, and
PWV (r=0,47; 0,44; 0,39; 0,43; 0,33; and 0,43; p<0,00001).
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Conversely, there was a negative correlation between heart rate
and PWV (r =0,08; p<0,02). By multiple regression analysis, age,
height, and MAP (3= 0,21; 0,16 and 0,24 and SE of =0,04; 0,039
and 0,029 respectively; p<0,001) proved to be major determinants
of PWV in the healthy population. LMS values were determined
and percentile boundaries were calculated and plotted according
to sex, age, and height (Table and Figure 2.) A close correlation
was found between PWV Z for age and for height (r=0,95;
p<0,00001).
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Figure 2. Percentile curves according to age and height for males
and females



1a)

Males

Age L M s 5% 10 5% 50k 75k 9ok 95tk
(vears)

7 12 -0.383 4348 0,127 3,559 3,715 3998 4348 4743 5141 5402
8 17 -0.346 4384 0,128 3,579 3,739 4027 4384 4784 5188 5451
9 17 -0,309 4428 0.129 3,607 3,770 4,064 4428 4836 5246 5513
10 22 -0.272 4505 0,130 3,659 3,827 4,131 4505 4923 5343 5615
11 31 -0,234 4615 0,131 3,739 3913 4228 4615 5046 5477 5,758
12 25 -0,197 4742 0,132 3,835 4016 4342 4742 5,188 5632 50919
13 15 -0,160 4876 0,133 3,934 4,122 4461 4876 5336 5793 6.089
14 18 -0,123 5,014 0,134 4033 4229 4582 5014 5491 5965 6271
15 24 -0.086 5,162 0,136 4,136 4342 4712 5162 5660 6,153 6471
16 62 -0.049 5312 0,138 4238 4454 4841 5312 5832 6345 6,675
17 123 -0,012 5451 0,141 4326 4552 4958 5451 5994 6,530 6.874
18 75 0,026 5,586 0,145 4399 4638 5066 5586 6,158 6,721 7,082
19 54 0,063 5713 0,149 4461 4713 5164 5713 6316 6909 7288
1b)

Females

Age 7 th th th th th th th
i) n L M S 5 10 25 50 75 90 95

7 17 1,223 4340 0,133 3368 3,588 3,948 4340 4724 5064 5265
8 19 1,096 4449 0,131 3478 3,694 4053 4449 4841 5192 5400
9 17 0,968 4564 0,130 3,593 3807 4,165 4564 4965 5326 5,543
10 26 0,842 4,679 0,129 3,707 3918 4276 4,679 5087 5459 5684
11 26 0,719 4,783 0,127 3811 4,020 4377 4,783 5,199 5582 5814
12 18 0,600 4,862 0,127 3,891 4,098 4454 4862 5285 5677 5918
13 22 0487 4924 0126 3955 4159 4513 4924 5353 5755 6,003
14 19 0,379 4987 0,127 4,015 4218 4573 4987 5424 5837 6,093
15 11 0,276 5,055 0,127 4,076 4279 4635 5,055 5503 5929 6,195
16 70 0,177 5,134 0,128 4,141 4346 4,706 5,134 5595 6,037 6,316
17 119 0.081 5236 0,130 4222 4429 479 5236 5712 6,175 6,469
18 103 -0,012 5363 0131 4325 4535 4910 5363 5859 6345 6654
19 46 -0,106 5508 0,132 4446 4659 5042 5508 6,022 6531 6858

Table. LMS values and specific percentile limits for PWV according
to age (1a and 1b)
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2a)

Males

Height n L M S 5% 10t 25t 50tk 75t gtk g5t
(cm)

120 5 -0.065 4269 0123 3493 3,651 3931 4269 4,639 5001 5231
125 14 -0077 4324 0124 3,530 3,691 3978 4324 4704 5076 5314
130 14 -0,089 4378 0,126 3,565 3,730 4023 4378 4768 5152 5397
135 19  -0.100 4432 0128 3,598 3,766 4.067 4432 4833 5229 5483
140 26 -0111 4500 0,130 3,640 3.813 4,123 4500 4916 5327 5592
145 13 -0.121 4597 0,134 3,701 3,881 4203 4597 5033 5465 5,743
150 16 -0,129 4,726 0,137 3,786 3.974 4312 4726 5186 5644 5939
155 22 -0.137 4879 0,140 3,889 4,086 4442 4879 5365 5850 6.164
160 25 -0.143 5033 0,143 3996 4202 4574 5033 5545 6057 6.389
165 55 -0,146 518 0,144 4,101 4316 4,703 5180 5714 6250 6.597
170 89  -0,147 5316 0145 4203 4424 4823 5316 5867 6419 6779
175 93 -0,144 5426 0145 4293 4518 4924 5426 5988 6,551 6916
180 65 -0.139 5510 0144 4363 4591 5002 5510 6,077 6645 7.013
185 27 -0.134 5575 0,143 4421 4650 5064 5575 6144 6714 7083
190 7 0,127 5632 0142 4475 4706 5121 5632 6202 6770 7.138
195 5 -0.121 5685 0140 4,528 4759 5175 5685 6253 6818 7.184
2b)

Females

Height n L M S 5t ]t 25t 50tk 75tk ggth  g5th
(cm)

115 5 1,854 4286 0,130 3268 3515 3897 4286 4648 4954 5.130
120 13 1,706 4340 0,129 3334 3,573 3950 4340 4,707 5,021 5203
125 13 1,521 4415 0129 3420 3,651 4023 4415 4790 5115 5305
130 17 1337 4506 0129 3514 3,741 4,110 4506 4,892 5230 5.429
135 15 1,153 4609 0,129 3614 3837 4205 4609 5007 5361 5.571
140 13 0971 4713 0,130 3711 3932 4301 4,713 5126 5499 5.722
145 20 0.790 4.821 0,131 3,806 4026 4399 4821 5251 5645 5.883
150 24 0.611 4923 0,132 3,898 4116 4492 4923 5371 5,786 6.040
155 50 0435 5015 0,133 3,987 4202 4577 5015 5476 5910 6.178
160 133 0261 5106 0,133 4,079 4291 4664 5,106 5578 6030 6312
165 121 0.091 5212 0,133 4,179 4390 4,763 5212 5699 6172 6472
170 63 -0,078 5328 0,134 4283 4493 4870 5328 5834 6333 6.654
175 22 -0246 5446 0,135 4391 4600 4979 5446 5970 6496 6.838
180 4 -0414 5564 0135 4499 4707 5088 5564 6105 6658 7.023

Table LMS values and specific percentile limits for PWV according

to height (2a and 2b) for males and females
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Coming back to the problem of growth deficit: PWV of 25 Tx
patients were compared to A and A/H matched healthy controls.
Using the standardized data presented PWV and PWV Z, differed
significantly only form A/H, while PWV/h and PWV Zjign differs
from both three control groups.

3. Comparison of three devices to measure PWYV in children
Mean PWV values measured by the three instruments are: PP
6,12 (1,00) m/s, SC 5,94 (0,91) m/ s, VIC (L-m) 5,38 (0,72), VIC
(L-w) 5,56 (0,69) m/s, VIC (L-corr) 6,14 (0,75) m/s. PWV by PP
and SC did not differ significantly. PWV determined by VIC was
significantly lower using the distances L-VIC-m and L-VIC-w
than the PWV determined by SC and PP (p<0,05). Following path
length correction (L-VIC-corr), there was no difference in PWV
measured by VIC compared with PP and SC.
PWV measured by three different devices correlated to each other
significantly (PP-SC r=0,76; SC-VIC(L-m) 0,72; SC-VIC(L-w)
0,71; SC-VIC (L-corr) 0,72; PP-VIC (L-m) 0,71; PP-VIC(L-w)
0,68; PP-VIC(L-Corr) 0,71; p<0,0001). After a path length
correction, the relationship between those three devices can be
described with the following equations:
PWVPP=1,64+0,76xPWVSC; r =0,76; p = 0,0001
PWVPP=0,67+0,89xPWVVIC(L-corr); r =0,71; p = 0,0001
PWVSC=0,16+0,93xPWV VIC(L-corr); r=0,72; p=0,0001
The mean and the standard deviation difference according to the
Bland-Altman analysis were as follows (mean (SDD)): there was
an excellent concordance between PP and SC (0,12 (0,77)).
Between PP and Vic (L-w) or SC and Vic (L-w) there were
acceptable concordance (0,53 (0,73) and (0,43 (0,73)). After a
path length correction, the concordance became excellent in both
cases. (SC -0,17 (0,74) and PP -0,03 (0,72). Slight but significant
proportional error was found between Vic (L-corr) and PP (a), or
SC (b), which can be described with the following equations:
a) PWV (delta)=-1,78+0,29 x PWV (mean); r=0,33; p=0,003
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b) PWV (delta)=-2,45 + 0,38 x PWV (mean); r=0,36; p=0,001
The mean difference and the SDD of the path length between the
applanation tonometry devices and VIC (using path length L-
VIC-corr) was -12,1 (4,4 cm), what caused the proportional error.
There was a significant proportional bias on the Bland-Altman
analysis that could be expressed by the following equation (using
path length L-VIC-corr): Path length (delta)=1,4-0,25 x path
length(mean); r =0,36; p=0,0005.
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Discussion

The main results of this study are that (1) PWV is a simple to
perform, non-invasive method that can be used in children to assess
PWV. PWV is influenced by the body dimensions in children, thus
standardization is mandatory to assess the effects of growth
retardation. (2) We have presented normal values for PWV in
children and youngsters (3) we have assessed devices based on
different measuring principles and proved the universal applicability
of the methods to children.

CKD children are growth retarded compared to their healthy
pairs. PWV of the transplant children is similar to the healthy
population, however, this does not mean, that their PWV is normal,
as they are growth retarded, and this mask the real effect of the
disease process on their arteries. The fact is that using age and height
matched healthy controls the difference in PWV becomes significant
proving the combined effect of ageing, growth and the disease
process on arterial stiffness. By using PWV-Z and the PWV/h ratio,
a significant difference between Tx and all the control groups could
be demonstrated. Thus controls either matched for both age and
height or PWV normalized for height-age (i.e. PWV-Z) should be
used to evaluate PWV of children with growth retardation of any
cause. PWV-Z provides a more universal parameter to avoid the bias
caused by growth retardation. As the PWV-Z and PWV/h are closely
related, PWV/h is an alternative, simple, age-independent measure of
PWV.

In the frame of an international collaboration, data of 1008
children were collected. As PWV shows non Gaussian distribution,
the skewed distribution invalidates the calculation of conventional
SD score (Z) based on arithmetic means and SDs because of the
distortion of the data. LMS method is applicable for defining PWV
abnormalities independent of age and of body size in diseased
paediatric population, and the statistical basis of the PWV percentiles
provided here is superior to all previously used estimates. Further,
the age and height normalized reference database represents a
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suitable tool for use in longitudinal studies as an intermediary CV
end point.

According to international guidelines, non-invasive methods
for assessing CV risk in the paediatric population need to be
standardized. The applanation tonometry devices (PP and SC) are
invasively validated, interchangeable. PWV measured by Vic is
lower at the high level of PWV values recorded by applanation
tonometry. This proportional error is due to the fact that the femoral
sampling point of the Vic is distal to that of applanation tonometry
and that distance is proportionally higher of longer total distances
(12,1 (4,4) cm) The distorsion is irrelevant at the average PWV value
of 6 m/s. After a path length correction, PWV measured by the three
devices are interchangeable.
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New observations

1.

Age is the major determinant of PWV in children. During the
growth process body height has a significant influence on PWV.
PWV normalized for height (PWV-Z), or PWV/height (as an
alternative, simple, age independent variable) provides a
universal parameter to avoid the bias of growth retardation.

. This study is the first to provide distribution independent age and

height specific reference values for PWV in children and
teenagers. PWV Z height or PWV/height is applicable in the
clinical practice in patients with growth retardation. The age and
height normalized reference database represents a suitable tool
for use in longitudinal studies as an intermediary CV end point.

. After a path length correction, PulsePen, Sphygmocor and

Vicorder are interchangeable. The reference database can be
used for measurements performed by these devices.
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