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Integrating Vascular Pedicle Width, Caval Index, Respiratory
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Introduction: Techniques for measuring volume status of critically ill patients include invasive, less invasive, or noninvasive ones.
The present study aims to assess the accuracy of noninvasive techniques for measuring volume status of critically ill patients. Patients
and Methods: A total of 111 critically ill patients admitted to the emergency department and undergoing central venous catheterization
were included in the study. Five parameters were measured including vascular pedicle width (VPW), diameter of inferior vena cava,
caval index, respiratory changes in QRS, and P wave amplitude. Patients with risk factors which could decrease the accuracy of central
venous pressure (CVP) value were excluded from study. We compared these parameters with static CVP parameter. Finally, based on
the afore-mentioned parameters, PCQP role in criteria was designed. Results: In detecting loss of circulating blood volume, area under
the curve of VPW was 0.92 (90%, confidence interval [CI]: 0.85-0.99), diameter of inferior vena cava was 0.82 (90%, CI: 0.72-0.91),
caval index was 0.9 (90%, CI: 0.82—0.98), and changes in QRS and P waves were 0.88 (95%, CI: 0.81-0.95) and 0.73 (95%, CI: 0.63—
0.82), respectively. PCQP role in criteria was designed according to these parameters, and at its best cutoff point (score 6), VPW had
a sensitivity of 97.4% (95%, CI: 84.57-99.99) and specificity of 83.6% (95%, CI: 72.65-90.86) for the detection of loss of circulating
blood volume (<8 cmH,0). Conclusion: PCQP score could be a reliable and noninvasive technique for the assessment of volume status
in critically ill patients.
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complications as well as prolonged hospital stay and greater
need for critical care.*

INTRODUCTION

The successful management of critically ill patients in the

emergent department is highly dependent on the correct
assessment and optimization of volume status. Every
emergency department (ED) physician should know and be
able to perform an appropriate method to evaluate volume
status of patients and manage based on his assessment.
However, it is unfortunately very difficult and there are so
many ways with different accuracies for the evaluation of
volume status in critically ill patients.!'? Recent studies greatly
emphasize the stabilization of hemodynamic status since it
dramatically reduces mortality rate of critically ill patients.?
Patients with unstable hemodynamic status suffer from greater
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Reliable techniques for measuring circulating blood
volume used today are often invasive, and in addition to
potential risks and high costs, they are time-consuming
and may delay early intervention. Noninvasive diagnostic
criteria and tests are less risky and less costly, and they
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can be performed outside hospital and EDs, but sometimes
with lower accuracy compared to invasive ones.? One of
these methods is vascular pedicle width (VPW) proposed
by Milne et al. in 1984 and also in later studies.™ VPW
measurement is relatively simple, accurate, and objective.
However, this measurement can be confounded by many
factors, including height, physical structure, and technical
problems such as patient rotation, low respiratory effort, and
supine or standing position of the patient during radiography,
underlying diseases, bleeding, and aorta conditions.['"
Diameter of the inferior vena cava is another criterion that
can be used to determine intravascular volume and venous
return.' Many authors believe that dynamics of inferior vena
cava dimensions are associated with hemodynamic status.
However, this association is not fully understood, and the
current knowledge in this area is rather based on qualitative
studies.!'>] Electrocardiographic (ECG) evaluation can also
provide a noninvasive diagnostic test for the assessment
of intravascular volume status. Studies indicate that
morphological changes in ECG may reflect intravascular
volume change. For example, a study conducted in 2012
showed that changes in ECG amplitude can be considered
an appropriate parameter in determining intravascular
volume.!*4!

Given the above-mentioned, each of these methods, including
inferior vena cava changes, VPW, and respiratory changes
in ECG, has advantages and disadvantages in assessing
circulating blood volume. The present study mainly aims to
compare a systematic approach using noninvasive tools, such
as chest radiography, ultrasound, and ECG, used to determine
intravascular volume with central venous pressure (CVP)
values, to enable presentation of a reliable noninvasive
criterion for determining status of intravascular volume in
critically ill patients admitted to the ED.

Patients aND MEeTHODS
Study design and setting

In this cross-sectional study, participants were critically
ill patients admitted to the ED of a university-affiliated
hospital. Protocol of the present study was approved by the
Ethics Committee of the University. In the course of study,
researchers adhered to the Principles of Helsinki Convention.
Informed consent forms were signed by the patients at entry
to the study.

Patients

Patients older than 18 years of age and patients who clinically
required insertion of central vein catheterization or dialysis
catheterization were included. Exclusion criteria included
patients with known cardiac anatomy and function disorders,
cardiac shunts, intubated patients, pericardial effusion,
and pregnancy. Other exclusion criteria were patients
with a history of open heart surgery, advanced pulmonary
hypertension, hypertrophic cardiomyopathy, and obesity with
body mass index (BMI) >30. Indication for catheterization

was determined by the physicians not involved in this study
based on medical needs. Consecutive sampling method was
used in this study. Sample size was determined as a minimum
of 110 patients based on previous studies!'> and considering
o=0.05and p=0.1.

Measurements
In this study, six main parameters were assessed.

Central vein pressure

An emergency specialist determined CVP through central vein
catheterization. The patient was positioned in Trendelenburg
position (15°), and the catheterization site was sterilized using
chlorhexidine. An appropriate catheter was inserted into the
right jugular vein with ultrasonography assistance. Following
heparinization and suturing of catheter, chest radiograph was
taken to ensure correct position of catheter tip. Then, using a
ruler, CVP was measured based on midaxillary line and was
reported in centimeters of water.®

Vascular pedicle width

This was measured according to the anteroposterior chest
radiograph in the prone position and radiologist’s report
(Shimadzu model R-20j 500 MA, made in Japan). Standard
focal distance film of 40 inches (101 cm) was equally applied
to all patients, with Kvp = 90 and As = 1 m. Images were
recorded on 14 inch x 17 inch films. Measurement on chest
radiograph was as follows: A direct line (along body height)
was drawn from the point of the left subclavian artery branches
off aortic arch, and another line was perpendicularly drawn
from that point toward intersection of superior vena cava
and the right bronchial vein, and this distance was reported
in millimeters.[”

Inferior vena cava diameter

This diameter was measured using Toshiba Ultrasound
Nemio (SSA-550A, Japan). All ultrasounds were performed
by a trained emergency medicine specialist and approved
by a radiologist. Ultrasounds were evaluated according
to a standard protocol, including B-mode images of the
inferior vena cava in long and short axes. Transabdominal
ultrasound was performed using a 3.5 MHz Curve
Transducer (Toshiba, PSF-37HT-3-75MHz, Japan), and
images recorded were used to measure diameter of the
vein, which included long and short axes images and also
a 10-s video recording for the assessment of pulmonary
changes of this vein in a complete slow breathing cycle.
Orientation of ultrasound transducer in relation to true
horizontal was achieved by a leveling device attached to
standard ultrasound probe.!'®!

Caval index

This criterion is used to assess respiratory changes in vena
cava. Caval index was measured by an emergency medicine
specialist using ultrasound of inferior vena cava during
inhalation and exhalation. The 10-s video recording was
used for this purpose. Caval index was calculated using the
following equation:
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Cavalindex %=
(inferior vena cava diameter at end of exhalation —

this diameter at end of inhalation) %« 100

(inferior vena cava diameter at end of exhalation)

Amplitude changes in QRS wave
Following ECG and long lead I, this parameter was calculated
using equation below and was expressed and recorded in
percentage.
QRS amplitude changes =

(Highest QRSamplitudein a rspiratory cycle —

shortest QRS amplitude in the same cycle) % 100

mean of these amplitudes in the same cycle

Amplitude changes in P wave
Following ECG and long lead II, this parameter was calculated
using equation below.
P amplitude changes =
(Highest P wave amplitude in a aspiratory cycle —
shortest P wave amplitude in the same cycle)

x 100
mean of theseamplitudes in the same cycle

Statistical analyses

Ofthe 115 patients studied, only 4 (3.5%) had high CVP. Since
in terms of the clinical rationale for critically ill patients, low
CVP is more important than high CVP, and since few patients
in the present study had high CVP, it was decided to divide
patients into two groups of patients with low CVP and patients
with normal CVP. Accordingly, four patients with high CVP
were excluded and only data from 111 patients were analyzed.
CVP was considered as the gold standard in the present study.
Pressure <8 cm of water was regarded as a loss of volume in
circulation, between 8 and 15 cm as normal, and >16 ¢cm of
water as increased volume in circulation. Data were analyzed
using STATA-11.0 software (Stata Corp, College Station,
Texas, USA). After ensuring normal distribution of data,
relationships of CVP with VPW, inferior vena cava diameter,
caval index, and ECG changes were analyzed. Independent
t-test was used to analyze relationship of these parameters
between two groups of patients (with normal CVP and with
low CVP). Then, receiver operating characteristic (ROC)
curve and area under the curve were calculated for each
variable. Sensitivity, specificity, positive and negative
likelihood ratios of different parameters were calculated.
Finally, a stepwise multivariate logistic regression model
was fit to evaluate weight of each parameter in estimation of

ResuLts

Demographic and basic details of patients

Of 111 participants, 64 (55.6%) were male and
51 (44.4%) were female. Mean age of patients was
66.4 £ 15.1 years (ranging from 24 to 95 years), and mean
BMI was 24.2 + 2.7 kg/m? (ranging from 17.5 to 29.5).
In the present study, five patients (4.4%) had low weight,
66 (57.4%) were in the normal range, and 44 (38.3%)
were overweight. Mean CVP in patients was 9.5 + 3.6 cm
of water (ranging from 2 to 16 cm of water). Thirty-eight
patients (33%) had low CVP, and 73 patients (63.5%) had
normal CVP.

Relationship between factors predicting circulating blood
volume and central venous pressure

Mean VPW, inferior vena cava diameter, changes in inferior
vena cava diameter, changes in ECG, and their relationship
with CVP are shown in Table 1. It can be seen that there is a
direct relationship between VPW, inferior vena cava diameter,
and amplitude changes in P wave and CVP, while caval index
and amplitude changes in QRS reduce with increasing volume
in circulation.

Value of predicting factors of circulating blood volume in
diagnosing circulating blood volume status

The area under venous VPW curve was 0.92 (90%,
confidence interval [CI]: 0.85-0.99) in diagnosing volume
loss [Figure 1]. At the best cutoff point (<70 mm), VPW
had 94.7% sensitivity and 89% specificity in diagnosing low
CVP. Inferior vena cava diameter was another factor that
showed good diagnostic accuracy in this regard. Area under
the inferior vena cava diameter curve was 0.82 (95%, CI:
0.72-0.91) in diagnosing loss of CVP [Figure 1b]. At the best
cutoff point (10.2 mm), this parameter had 84.9% sensitivity
and 71% specificity. Area under the curve of caval index was
0.9 (90%, CI: 0.82—-0.98) [Figure lc]. The best cutoff point
for caval index was 34.7%, with 89.5% sensitivity and 72.6%
specificity [Table 2].

Area under the curve of QRS amplitude change was found
0.88 (95%, CI: 0.81-0.95) [Figure 1d]. The best cutoff point
for QRS complex changes was >20%, with 86.8% sensitivity
and 76.7% specificity in diagnosing CVP drop. In assessing
diagnostic value of changes in P wave, area under the curve
of respiratory P wave changes was found 0.73 (95%, CI:

Table 1: Relationship between factors predicting
circulating blood volume and central vein pressure

. ) . . Variable Mean+SD r P
CVP. To enha'mce diagnostic Val.ues of the a!aove noninvasive VPW () 7695145 054 <0001
te?sts, a .role in model was demgned for diagnosing llos.s of Diameter of IVC (mm) 494130 042 <0.001
f:lrculatmg blood volume. In this model, CVP was d1v1f1ed Caval index (%) 3734134 —0.58 <0.001
into normal and low groups. Based on regression coefficient .o i amplitude of QRS complex (%) 214137 ~0.57 <0.001
for each variable, a weight was assigned and PCQP role in Changes in amplitude of P wave (%) 1694164 054 <0.001
model was designed. In all analyses, P <0.05 was considered VPW: Vascular pedicle width; SD: Standard deviation; 7: Pearson
statistically significant. coefficient; IVC: Inferior vena cava
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Figure 1: Area under vascular pedicle width receiver operating characteristic curve (a), vena cava diameter (b), caval index (c), QRS complex respiratory

changes (d), and changes in respiratory P wave (e)

Table 2: Value of circulating volume predicting factors in diagnosing circulating volume status

Variable TP TN FP FN Sensitivity Specificity

Vascular pedicle 35 65 8 2 94.7 (80.9-99.1) 89.0 (79.0-94.8)
IVC diameter 62 27 11 11 84.9 (74.2-81.9) 71.0 (53.9-84.2)
Caval index 34 53 20 4 89.5 (74.3-96.6) 72.6 (60.7-82.1)
QRS respiratory change 33 56 17 5 86.8 (71.1-95.0) 76.7 (65.9-85.5)
P respiratory change 30 41 32 8 73.7 (56.6-86.0) 56.2 (44.1-67.6)

TP: True positive; TN: True negative; FP: False positive; FN: False negative; IVC: Inferior vena cava

0.63-0.82) [Figure le]. The best cutoff point for P wave
was <12%, with 73.7% sensitivity and 65.2% specificity in
diagnosing CVP drop [Table 2].

Designing PCQP scoring system in diagnosing low central
vein pressure

Results obtained are shown in Table 3. It can be seen
that VPW <70 mm, caval index >34.7%, changes QRS
complex >20%, and changes in P wave <12 were independent
predictive factors to diagnose low CVP.

According to Table 4, research team named the rating system:
“PCQP role in criteria.” In this 13-point rating system (from

0 to 12), the higher patient score means greater likelihood
of low CVP. Based on ROC curve, the best cutoff point for
this rating system was found 6, which means that score >6 is
able to detect low CVP (CVP <8 cm of water), with 97.4%
sensitivity (95%, CI: 84.57-99.99) and 83.6% specificity (95%,
CI: 72.65-90.86) [Figure 2].

Discussion

The results of present study showed that VPW, inferior vena cava
diameter, respiratory changes in inferior vena cava diameter,
QRS complex changes, and P wave all have a significant
relationship with CVP. Accordingly, an increase in VPW, inferior
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Table 3: Multivariate logistic regression analysis results
for determining the best diagnostic parameters of central
vein pressure

Variable B 95%ClI P Weight
Over 60 years old 0.82 -1.1-28 041 -
VPW >70 mm 42 2222 <0.001 4
IVC diameter >10.2 mm 0.7 -1.7-3.2 0.58 -
Caval index <34.7 2.8 0.9-47 0.004 3
Heart/chest ratio above 50% 1.7 -1.6-5.0 0.31 -
Changes in amplitude of QRS <20% 29 1.0-47 0.003 3

Changes in amplitude of P wave >12% 2.2 0.3-40  0.03 2
VPW: Vascular pedicle width; CI: Confidence interval; IVC: Inferior vena
cava

Table 4: PCQP role in criteria rating system

Variable Weight
VPW >70 mm 4
Caval index <34.7 3
Changes in amplitude of QRS complex <20% 3
Changes in amplitude of P wave >12% 2
Overall score 12
VPW: Vascular pedicle width

8 4

wm

=

o
oy ’
2o
=
2o

8

S -

S &

= T T T T T

0.00 0.25 0.50 0.75 1.00
1 - Specifidty
Areaunder ROC curve = 0.9802

Figure 2: PCQP role in criteria receiver operating characteristic curve for
detecting low central venous pressure at different cutoff points

vena cava diameter, and P wave amplitude change is associated
with an increase in CVP, while an increase in respiratory
changes in inferior vena cava diameter, and QRS complex
changes is associated with a decrease in CVP. In the present
study, multivariate logistic regression model was used in design
of a rating system based on ultrasound and radiograph results
in detecting CVP. This analysis showed greater importance
of respiratory changes as compared to absolute diameter of
inferior vena cava in detecting CVP. Accordingly, the researchers
designed a rating model called PCQP role in criteria. According
to this 13-point scoring system (from 0 to 12), lower scores show
lesser possibility of CVP <8 cm of water, and higher scores
indicate greater likelihood of this complication.

Assessment of volume status in critically ill patients in ED
ranges from simple clinical assessment and routine bedside
monitoring to bedside echocardiography and different invasive/
less invasive techniques.!'” Previous studies show that VPW
is a reliable factor for assessment of circulating volume. In
a review study, Ely and Haponik (2002) investigated the
use of chest radiography to assess status of intravascular
volume (stressing on VPW) and argued that objective
assessment of VPW increases diagnostic accuracy and value
of radiographic and clinical evaluations by up to 30% and
even more when used in series in a patient.”” According
to their study, the cutoff point of 70 mm is considered in
distinguishing high intravascular volume from normal or low
volume. They also suggested that a standard algorithm can
be designed for VPW, and its measurement can be added to
educational curriculum of physicians and radiologists.[”? Ely
et al. also argued that using VPW cutoff points above 70 mm
and cardiothoracic ratio above 0.55 can improve assessment
of intravascular volume in chest radiography.®

In addition to identifying low circulating volume and low
CVP, VPW is also a suitable tool for monitoring positive fluid
balance. For instance, Salahuddin et al. demonstrated that VPW
is closely associated with positive fluid balance (= 0.88) and
stated that VPW >86.5 mm, with 100% sensitivity and 80%
specificity, is indicative of body fluid volume >1200 mm. They
further stated that VPW can be considered as a reliable criterion
in assessment of fluid volume in critically ill patients.[]
Thomason et al. showed that with VPW >63 together with
cardiothoracic ratio >0.55, hydrostatic pulmonary edema
is more likely than edema induced by increased vascular
pulmonary permeability.'"8] Martin et al. reported that changes
in fluid balance are reflected in chest radiograph, and serial
assessment of chest radiographs can appropriately complement
clinical data in controlling fluid balance in critically ill
patients."” The present study also showed similar results, and
VPW was directly and significantly related to CVP.

The present study showed that in addition to chest radiographs
and VPW assessment, changes in body fluid volume are
also exhibited in inferior vena cava ultrasound. Increased or
decreased collapsibility of inferior vena cava will help the
management of critically ill patients. According to the results
of other studies, combination of absolute diameter of inferior
vena cava and its collapsibility during inhalation and exhalation
provides a suitable estimate for volume status and may be used
as an alternative to invasive procedures. This criterion has
the following mechanism: negative pressure created during
inhalation increases venous return to the heart and causes
inferior vena cava to collapse. Venous return is reduced during
exhalation, and diameter of inferior vena cava returns to its
initial state.['6:2021]

Percentage of vessels collapse is greater in hypovolemic,
compared to hypervolemic state. This was found through
calculation of caval index. In the present study, caval
index above 34.7%, with 89.47% sensitivity and 72.6%
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specificity, indicated CVP <8 cmH,O. Various studies have
shown that in many life-threatening circumstances, absolute
diameter of inferior vena cava and caval index are relative
to CVP.U Sridhar et al. also argued that caval index is a
quick, simple, noninvasive, and reliable tool for identifying
intravascular volume status in crowded conditions such
as ED.?! Nagdev et al. explained that caval index >50%
can predict CVP <8 cmH,O with 91% sensitivity and 94%
specificity,?" but there are exceptions, as well. For instance,
hyperemia in inferior vena cava that may be seen in cardiac
tamponade cannot provide a suitable criterion for assessment
of intravascular volume, since patient’s intravascular
volume is either normovolemic or hypovolemic under
such conditions, while ultrasound images of inferior vena
cava show fluid volume overload.["! ECG assessment can
also provide a noninvasive diagnostic test for assessment
of intravascular volume status. Studies have shown that
morphologic changes in ECG may reflect changes in
intravascular volume. For instance, a study in 2012 showed
that amplitude changes in ECG waves can be considered a
suitable parameter in estimating intravascular volume.!' The
present study showed that reduction in CVP is significantly
related to increased changes in QRS complex. Moreover, this
study for the first time showed that amplitude changes in P
wave can be a useful parameter in diagnosis of critically ill
patients with CVP drop.

Limitation of the study is being a single-center study which
needs more trials with larger sample size for validation of the
results. However, we did not use pulmonary artery catheter as
a standard tool for hemodynamic monitoring, and we have to
compare our study results with CVP findings. However, we
excluded all patients in whom there was any risk factor for
inaccurate CVP results; however, these results could differ
from standard ones.

CoNncLusIoN

According to the results obtained, an increase in VPW,
diameter of inferior vena cava, and amplitude changes in P
wave are associated with increased CVP, while an increase
in amplitude changes of respiratory diameter of inferior
vena cava and changes in QRS complex are associated with
reduced CVP. Accordingly, the present study employed
a 13-point (from 0 to 12) rating model termed PCQP, in
which the lowest score indicates low and the highest score
high probability of a CVP <8 ¢cmH20. The following
items are included in this rating system: VPW <70 mm (4
points), caval index >34.7% (3 points), changes in QRS
complex >20% (3 points), and changes in amplitude of
P wave <12% (3 points). According to this rating model,
scores above 6 can detect the presence of CVP <8 cm of
water with 97.4% sensitivity and 83.6% specificity. Hence,
ED physicians could use this score for the evaluation of
cardiovascular and volume status of critically ill patients
admitted to the ED and determine the correct therapeutic
intervention to optimize organ function.
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