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Dialysis hypotension is one of the most prevalence symptoms of dialysis and occurs in 40% of
treatment sessions. Detection and prediction of hypotension is important for the well-being of the
patient and for optimizing treatment. The aim of this study was to construct optical system to
monitor blood pressure (BP) continuously and without cu® in hemodialysis based on pulse transit
time (PTT) method. To measure the BP changes, dual-channel optical system were developed. In
this study, individuals were classi¯ed into two groups of normal and hemodialysis. In both
groups, BP and consequently PTT were earned three times in di®erent positions. After the initial
calibration, the regression equation was drawn for each subject. In normal group, each subject
was placed in the supine position and BP was measured both by designed system and sphyg-
momanometer cu®. During BP measurements, in addition to BP, blood pressure decline was also
monitored by optical system. For hemodialysis group, the same measurement setup was adopted.
In both groups, the error between cu® method and PTT was calculated. Correlation coe±cients
for BPcuff vs BPPTT were calculated and Bland–Altman plot was performed for the normal and
hemodialysis groups. In this study 16 subjects participated. The results for normal group showed
that maximum di®erence between cu® method and the present method was 14mmHg and for
dialysis group was 16mmHg. Bland–Altman plot in normal group revealed limits of agreement
from �13.98 to 13.18mmHg. Considering hemodialysis group, limits of agreement were from
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�15.94 to 13.88mmHg. The correlation coe±cient was 0.74 for normal group and was 0.72 for
hemodialysis group. The proposed system can monitor BP continuously and diagnose sudden
hypotension. So it can be recommended as a useful method to indicate hypotension and can be
used for dialysis unit.

Keywords: Blood pressure monitoring; optical system; hypotension; hemodialysis.

1. Introduction

Body °uids contain water, electrolytes, proteins and
other substances. The precise regulation of these
°uids within a very narrow physiologic range is es-
sential to life. Kidneys, as a part of their function,
¯lter physiologically essential substances such as
sodium and potassium.1 Normal kidneys function
plays an important part in maintaining, homeosta-
sis, the composition of internal body °uid. There are
a variety of disorders a®ecting the kidneys function,
resulting to renal failure. Renal failure is a condition
in which the kidneys fail to remove metabolic end
products from the blood.2 In most cases, patients
with renal failure need hemodialysis. In hemodial-
ysis water and dissolved solutes move from blood to
dialysate, and allows the removal of several liters of
excess °uid during a typical 2 to 4 h treatment.3

During the hemodialysis, patient may experience
various side e®ects ranging from hypotension to
visceral reaction such as nausea and vomiting.
Hypotension is the most common side e®ect of
hemodialysis and occurs in 30–40% of treatment
sessions.4 Detection and prediction of hypotension is
important for the well-being of the patient and for
optimizing treatment. Hypotensive episodes are a
major complication of hemodialysis. Hypotensive
episodes can be responsible of acute vascular com-
plications such as myocardial ischemia, ischemic
cerebro-vascular accidents, venous thrombosis
(retina vein), intestinal ischemia and the aggrava-
tion of lower member arthritis.5 The main causes of
dialysis induced hypotension are age, hypovolemic
(rapid ultra¯ltration) and coexisting decrease au-
tonomic neuropathy, cardiovascular diseases and
diabetes.6

With this respect monitoring the blood pressure
(BP) during hemodialysis would be a challenge for
medical sta®. Using traditional methods of con-
trolling BP such as manual sphygmomanometer
cu® is practically associated with several problems.
For instance, it fails to provide continues BP mon-
itoring. Accordingly many studies have recently

attempted to design noninvasive continuous BP
monitoring device.7–9 Although Tonometric, Vas-
cular Unloading and Finapres methods have been
developed and even in some cases released to mar-
ket, a substantial problem, using cu®, has been
remained as obstacle needs to be resolved.10,11

Therefore, designing a BP controlling device with-
out cu® has drawn the attention of many
researchers during the recent years. Impedance
plethysmograph (IPG) with pulse sensor is a
method based on blood volume that due to its
complexity has been less used in clinics or hemodi-
alysis unit.12 Another method is near infrared
charge-coupled device (NIR CCD) camera. This
method evaluates the relationship between the
changes of vessel diameter and the BP. It is based
on the changes of vessel diameter detected by NIR
CCD camera in each cardiac cycle. NIR CCD is still
in infancy and its adequacy has not been docu-
mented.13 Pulse transition time (PTT) is another
method, acting based on continuous recording of
ECG and pulse wave. The main features of PTT
method including safety, noninvasive and continu-
ous BP monitoring has been documented in a vast
array of studies,14–18 but ECG recording impose
another set of the complexity to hemodialysis. This
study aimed to develop a system for continuous
monitoring of BP in patients undergoing hemodi-
alysis. This system is based on the PTT method,
but uses two pulse sensors to take PTT without
requiring the ECG signal.

2. Material and Methods

2.1. Estimating blood pressure

The Bramwell–Hill equation describes how pulse
wave velocity (PWV) relates to arterial dispens-
ability.19

PWV ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
V�P

��V

s
; ð1Þ
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where �p and �V are the changes of blood pressure
and volume, � is the blood density. PWV relation
by PTT was shown in Eq. (2).8

PWV ¼ L=PTT: ð2Þ
L is the distance the pulse travels (roughly equals
to the arm length). It is well known that the rela-
tionship between vascular volume (V ) and trans-
mural pressure (P ), is commonly ¯tted as a sigmoid
curve.20

V ¼ a

1þ ebp
: ð3Þ

By substituting Eq. (1) to Eq. (2) and re-arranging
the equation with Taylor expansions, we obtain
the relationship between PWV or PTT and blood
pressure (P Þ.

PWV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ebP þ 1

�b

s
¼ 1ffiffiffiffiffi

�b
p

ffiffiffi
2

p

ð1� bP
4 Þ

� 1

cP � c=4
;

ð4Þ
PTT ¼ LðcP � c=4Þ ! P ¼ AþBðPTTÞ:

This derived equation suggests that BP is linearly
related to PTT and the coe±cients A and B could
be achieved by curve ¯tting based on the PTT and
BP at di®erent physical situations.17 In this paper,
PTT was de¯ned as the time between the two peaks
of pulse signals.

2.2. Experiments

In this study, individuals were classi¯ed into two
groups of normal and hemodialysis. In both groups,
there were four men and four women. For contin-
uous measurement of BP, the coe±cients (Eq. (4);
A and B) are needed in addition to the continuous
extraction of PTT. BP was measured three times in
0� and � 90� of the right hand (Fig. 1) and PTTs
were earned in these conditions. For the calibration,
the linear relation between the measured PTTs and
BPs was obtained for each subject based on three
trials of measurements. To prevent cu® in°ation
problems, a time interval of 5min was considered
between each measurement. Linear equation was
obtained based on three repeated measurements in
di®erent angles for each subject. Linear regression
was performed using the standard linear regression
model to ¯t a linear function for the set of data
pairs. Based on this function, the relation between

BP and PTT could be expressed as follows:

Psys ¼ AþBðPTTÞ: ð5Þ
So A and B coe±cients were obtained based on the
three-time measurement of PTT and BP. Linear
regression was calculated and coe±cients were de-
termined separately for each set of data obtained
from each individual. Figure 2 shows a graph of
function PTT-BP for one subject.

In normal group, after calibration process, each
subject was immediately placed in the supine posi-
tion for 40min and blood pressure was measured
both by designed system and sphygmomanometer
cu®. When subject was in the supine position, blood
pressure measurements were repeated with a time
interval of 5min using designed system and cu®.
For each measurement, the blood pressure (PPTT)
was calculated using Eq. (4). This process was im-
mediately followed by cu® in°ation to measure cu®-
based blood pressure (Pcuff). PPTT was compared to
Pcuff and the error was computed for each eight
measurements (that were obtained during a 40min
observation with 5min intervals). Absolute error
and relative error were calculated as follows:

pressure differenceðiÞ
¼ jPCUFFðiÞ �PPTTðiÞj; relative errorðiÞ

¼ jPCUFFðiÞ �PPTTðiÞj
PCUFFðiÞ

� 100; i¼ 1;2; . . . ;8: ð6Þ

During BP measurements, in addition to systolic
blood pressure, blood pressure decline was also
monitored by optical system. To compute blood
pressure decline, individual's BP was measured in
static condition. BP measurement in static condi-
tion is de¯ned as the ¯rst measurement in supine
position and considered as the reference BP. The
reference PTT level was also computed based on

Fig. 1. The calibration process for detecting linear function by
using three trials of measurements.
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individual's coe±cients (A and B) and the reference
BP. When PTT was applied to the Eq. (5), corre-
sponding BP value could be calculated. During the
experiment, PTTs-based BPs were compared with
the reference value and the pressure di®erence was
displayed. During the experiment, PTTs were ac-
quired from 10 s after the cu®-de°ation.

For hemodialysis group, the same measurement
setup was adopted. Data was acquired during
morning dialysis sessions for 40min (20min at the
beginning as well as 20min at the end of treatment).
No actions were taken to increase or decrease BP and
no instructions were given to the patient. The refer-
ence BP and PTTweremeasured before carrying out
the dialysis process. During the process, PTTs and
also BPs were compared with the reference values
and the pressure declinewas displayed.All cu®-based
BP measurements were done by digital brachial BP
device (Citizen, BK202) on the right upper arm.

Correlation coe±cients for BPcuff vs BPPTT were
calculated for the normal and hemodialysis groups.
In addition, a Bland–Altman plot was done. In the
Bland–Altman plot, the mean value calculated from
corresponding BP values that were obtained from
both methods, is plotted against the corresponding
di®erence between the mean BPcuff and the BPPTT

(BPcuff–BPPTT). The agreement limits were de¯ned
by mean� 1.96 of the standard deviation (SD) of
the di®erences. The plot helps to assess the dis-
agreement between the two methods of BP mea-
surement.21 All statistical analyses were performed
using Statistics toolbox in Matlab software version
2012a. A signi¯cance level of p < 0:05 was consid-
ered to be signi¯cant.

2.3. Optical system for blood pressure

monitoring

In designing this system, two infrared optical sen-
sors (two optical transmitters) with 915 nm wave-
lengths and two optical receivers were employed.
The optical transmitters were located at a distance
of 5mm from the optical receiver. The distance
between two transducers was de¯ned 55mm. This
system has been patented in the Iranian Patent
Organization under the Declaration No 81088. The
analog ¯lter and gain circuit were considered to
have an appropriate signal. The output of the
designed analog circuit was inserted into an analog-
to-digital converter of ATMEGA 32 microcontrol-
ler. For preprocessing on the signal, the output of
the optical receiver was inserted in an instrumen-
tation ampli¯er (AD620). Since pulse signal has DC
frequency components to 30Hz frequency, to elim-
inate low frequency distortions caused by skin ab-
sorption, bone and other nonpulsatory tissues a
passive high pass ¯lter with 0.5Hz cut o® frequency,
and to eliminate high frequency noises greater than
30Hz a passive low pass ¯lter as well as two active
low pass ¯lters of second degree with 20Hz cut o®
frequency were employed. Moreover, to have a sig-
nal with an appropriate range, an ampli¯er was
utilized with variable gain. While recording, the
recorded signal might have positive voltage level as
well as negative voltage level and since a micro-
controller is not possible with negative voltage level,
in the last level of the circuit a level shifter is used to
shift voltage level into an appropriate range 0–5V
positive voltage level.17 Figure 3 shows the block

Fig. 2. Linear function for the set of data pairs in calibration process.
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diagram of the main participants of the designed
ampli¯er in one channel. By detecting the peak of
signals by controller, PTT was calculated continu-
ously. Sampling frequency was considered as 50Hz.
Figure 4 shows BP measurement by the designed
system in hemodialysis unit. The two optical
transducers which have interspaced 55mm ¯xed on
right middle ¯nger (¯nger capillary network). To
prevent motion artifact, optical ampli¯er and ana-
log circuits were located on the wrist.

2.4. Subjects

Sixteen subjects participated ranging from 22 to 56
and eight were males and eight were females. For all

of the subjects, the mean systolic blood pressure was
119.82� 11.46mmHg, the mean heart rate 81.75�
8.48BPM, and the average height 1.64� 0.08m.
The data was collected in skill lab of medicine
school and dialysis unit in Imam Ali Hospital of
North Khorasan University of medical sciences,
in normal subjects and hemodialysis group, respec-
tively. All subjects were su±ciently informed how to
register data and steps in compliance with the basic
principles register. This study has been approved in
ethics committee of North Khorasan University of
Medical Sciences in 2013/Jul/13 and complies with
the Declaration of Helsinki and informs consent has
been obtained from the subjects.

3. Results

Table 1 shows the relation between PTT and systolic
pressure with correlation coe±cient and error calcu-
lation in normal group. The results of Table 1 showed
that absolute error between cu® method and PTT
was 8.38� 4.23mmHg and the error percentage
was calculated as 7.51� 3.48%. Also the individual
(n ¼ 8) correlation coe±cients of BPPTT vs BPcuff

varied between R ¼ 0:61 and R ¼ 0:84. Figure 5
shows the plot of BPcuff andBPPTT and the regression
for this group. Figure 5 shows the correlation coe±-
cient for data of all eight subjects and measurements.
The correlation coe±cient wasR ¼ 0:7479 and it was
signi¯cant (p < 0:05). Figure 6 shows the Bland–
Altman plot of the normal group. Bland–Altman
plots on the basis of the linear function revealed limits
of agreement of �13.98 to 13.18mm Hg.

Fig. 4. Blood pressure measurement by the present method
for one hemodialysis patient.

Fig. 3. The block diagram of the main participants of the designed ampli¯er in one channel.
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Table 2 shows the results of hemodialysis group.
The results of Table 2 showed that absolute error
and error percentage between cu® method and PTT
were 8.61� 4.17mmHg and 9.08� 3.58%, respec-
tively. In this group, correlation coe±cient varied
between 0.58 and 0.80. Figure 7 shows the plot of
BPcuff and BPPTT and the regression for this group.
The correlation coe±cient for data of all eight
subjects and measurements was R ¼ 0:7283 and it
was signi¯cant (p < 0:05). Figure 8 shows the
Bland–Altman plot of the hemodialysis group.
Bland–Altman plots on the basis of the linear
function revealed limits of agreement of �15.94 to
13.88mmHg. The more scatter was observed at the
higher end of BP values.

In this study, the error percentage in hemodial-
ysis was more than normal group. The lowest value
of correlation coe±cients was calculated 0.61 for
normal and 0.58 for hemodialysis group. For normal
group, the maximum di®erence and highest error
percentage were 14.38mmHg and 9.74%, respec-
tively. Maximum di®erence and error for hemodi-
alysis were obtained 16.21mmHg and 11.85%,
respectively. There was no signi¯cant relation in
error and correlation coe±cient between male and
female in both groups. Maximum pressure decline in
normal subjects was 10mmHg and for hemodialysis
was 34mmHg. In hemodialysis group, hypotension

Fig. 5. Plot of systolic BP measured by cu® vs systolic blood
pressure calculated from the pulse transit time of the normal
group. The straight line represents linear regression
(see inserted R and P value).

Table 1. The correlation coe±cient between SBP and PTT
with error calculation in normal group (f: female and m: male).

Subject
Correlation

coe±cient ðRÞ

Di®erence
of pressure
between

two methods Error (%)
Pressure
decline

1(f) 0.72 8.53� 3.62 6.86� 3.05 5.3� 3.22
2(f) 0.81 9.21� 4.06 7.05� 3.49 5.26� 3.66
3(f) 0.68 7.96� 4.81 6.78� 3.88 6.24� 4.11
4(f) 0.84 9.54� 3.84 7.26� 3.04 7.21� 3.86
5(m) 0.69 7.53� 3.25 6.15� 2.86 5.66� 4.36
6(m) 0.61 10.11� 4.02 8.94� 3.11 7.15� 3.45
7(m) 0.78 9.15� 3.68 8.21� 2.86 6.89� 4.11
8(m) 0.82 7.81� 4.03 6.34� 4.01 7.69� 4.15

Fig. 6. Bland–Altman plots demonstrating the overall agree-
ment between the BPcuff and the BPPTT in all eight sets of data
by using each normal subject's individual linear function
parameters. The outer lines indicate the limits of agreement,
the inner line represents the mean di®erence.

Table 2. The correlation coe±cient between SBP and PTT
with error calculation in hemodialysis group. In * subjects,
di®erence of pressure and error percentage between cu® method
and PTT were calculated just before occurrence of hypotension
(f: female and m: male).

Subject
Correlation

coe±cient (R)

Di®erence
of pressure
between two
methods Error (%)

Pressure
decline

1(f) 0.76 7.24� 4.22 6.02� 3.24 8.44� 4.11
2(f) 0.71 8.45� 3.71 6.97� 3.06 5.93� 3.76
3(f) 0.58 10.38� 3.36 8.69� 3.55 6.43� 2.11
4(f) 0.68 8.78� 4.15 7.02� 3.34 6.17� 3.21
5(m)* 0.72 9.38� 3.71 7.56� 3.55 >30
6(m) 0.66 9.06� 4.21 6.57� 6.63 7.33� 3.51
7(m) 0.80 8.88� 3.61 6.99� 2.79 8.23� 3.78
8(m)* 0.75 8.29� 4.26 7.24� 3.43 >30
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occurred in two subjects and systolic BP decreased
more than 30mmHg. Therefore, hemodialysis op-
eration and data collection were stopped. The
pressure decline was detected and shown by the
designed system in the both subjects.

4. Discussion

This study presents a novel system to measure
continuous BP in hemodialysis patients. The results

for normal group showed that maximum di®erence
between cu® method and the present method (max
[Pcuff – PPTT]) was �14.38mmHg and for dialysis
group was þ16.21mmHg. The correlation coe±-
cient was 0.747 for normal group and was 0.728 for
hemodialysis group. For normal group, BP was
measured with less error and higher accuracy as
compared to hemodialysis group. The overall ability
to predict BP values from PTT was analyzed using
Bland–Altman plots of the calculated BP values
obtained from the both groups. Bland–Altman plot
in normal group revealed limits of agreement from
�13.98 to 13.18mmHg. Considering hemodialysis
group, limits of agreement were from �15.94 to
13.88mmHg. In this analysis, we observed slightly
better limits of agreements for the normal as com-
pared to the hemodialysis group.

In hypotension, a typical reduction in SBP is
30mmHg or more.4 In the current study, for two
patients, hypotension occurred which was diag-
nosed by our system in the both cases. The overall
incidence of hypotension during dialysis is 30–40%
while we observed only two events in eight persons
(25%) which was unexpectedly lower than other
studies. Ahlstrom et al. evaluated the pulse wave
transit time (PWTT) technique for continuous
monitoring of BP during hemodialysis treatment.
But in this study, PTT was measured based on
pulse wave and ECG signals and the method was
more complicated than the present one. The results
of Ahlstrom's study showed that pressure was esti-
mated with a higher correlation with PTT.26 Our
results were in good agreement with the aforemen-
tioned report while we did not use ECG for con-
tinuous BP. In studies that calculate PTT based on
QRS complex extraction from the ECG as a time
reference, this may not be the optimum reference to
use as stated by the previous studies. The QRS
complex is an electrical signal, a depolarization
event which represents the point of expulsion of
blood from the left ventricle. It is believed that there
may be disparities regarding the iso-volumetric
contraction period of the left ventricle, making it an
unsuitable time reference.27 So, this study did not
use ECG as the time reference.

Continuous measurement of BP was done in
several studies based on PTT and without ECG in
ways similar to our study. Kim et al. developed a
wrist type device for the continuous noninvasive BP
monitoring based on PTT. The device could con-
nect to the PDA phone by wireless connection.

Fig. 7. Plot of systolic BP measured by cu® versus systolic
blood pressure calculated from the pulse transit time of the
hemodialysis group. The straight line represents linear regres-
sion (see inserted R and P value).

Fig. 8. Bland–Altman plots demonstrating the overall agree-
ment between the BPcuff and the calculated BP as a linear
function of PTT in all eight sets of data by using each patient's
individual linear function parameters.
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Its error rate was higher than the commercial pro-
ducts, but it was a novel attempt which could ap-
proach the reliability of traditional BP
measurement devices.28 Zakaria et al. recorded the
values of PWTT and SBP in three experiments.
According to the results of the experiments, three
di®erent mathematical equations for calculation of
SBP from PWTT were obtained. The accuracy of
derived BP values was low in comparison with the
conventional method.29 In this study, BP was esti-
mated based on PTT by the linear function but a
number of authors obtained a nonlinear relationship
between PTT and BP,16–18 while others reported
linear relations which was in consistent with our
study.20,22 In the present study, SBP was used to
monitor BP based on PTT, because several studies
have shown that SBP could be measured more ac-
curately than diastolic blood pressure.16,20,22 The
correlation between SBP and PTT was found to be
R ¼ 0:74� 0:08 for the normal and 0.7 � 0.07 for
the hemodialysis subjects. A brief summary of the
results in previous studies22–25 gives a mean corre-
lation coe±cient of 0.63 which is in the range 0.33–
0.81. This variability emphasizes the well-known
di±culty in estimation of SBP by transit time
methods without preceding calibration.

In this study, two pulse-sensors were used along
an artery to measure the PTT. Our optical system
was light (80 gr) and it was applied on patient hand
for a short period of time (two periods of 20min).
There were no complaints from the participated
patients regarding the device weight. The subjects
were requested to ¯x the right hand as much as
possible because the motion artifact and hand po-
sition result in BP variations. In our cases, unusual
changes in BP and PTT caused by the movement
were not considered. So, in future studies, hand
position has to be monitored carefully at all time
with the information of hand position and the sys-
tem can correct the value of BP automatically.
Prediction accuracy depends on the accuracy of the
initial calibration. Initial calibration was done for
each subject as physiological parameters such as the
blood density and the sti®ness of the arterial wall
vary among the subjects. In the current study, we
de¯ned PTT as the time interval of the two peaks of
pulse signals because it was much easier to detect
for us in comparison to other part of signal. In the
future studies, other signal parts should be used and
the results should be compared to the results of the
current study. Due to the small number of subjects,

these results are preliminary and have to be
con¯rmed by studies with more subjects.

5. Conclusions

The aim of this study was to detect sudden hypo-
tension in hemodialysis patients by optical blood
pressure monitoring system. The system was based
on the PTT method but di®erent from other sys-
tems which use ECG and pulse signals to obtain the
PTT. The results showed that maximum error be-
tween the cu® method and the present method was
16mmHg. So, the proposed system can monitor
blood pressure continuously and diagnose sudden
hypotension. Monitoring blood pressure with the
designed system can be recommended as a useful
method to indicate hypotension and can be used for
dialysis unit.
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