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Objective: A well-accepted step in emergency sonography is the estimation of a fluid deficit
through Inferior Vena Cava (IVC) diameter variability with known cut-offs especially in
bleeding. We sought to answer, whether a non-bleeding fluid deficit can be quantified
through sonographic assessment of IVC diameter variability and related aortic parameters.
Sport divers were used as human hypovolemic vasoconstriction models since immersion is
known to cause relevant volume depletion through vasoconstriction and induced diuresis.
Materials and Methods: Forty-one sport divers performed 342 single and repetitive dives to
account for intra- and interindividual variability and were assessed for inferior Vena Cava and
neighboring aortic diameters as well as their cardiac/respiratory variations. Dive-related weight
loss was measured together with sonographic vessel diameter changes inferior to the right atrium.
Results: Highest correlation with dive-related weight loss of max. 2.9 kg per an average 47
minutes dive was found with r=0.34 for the difference of IVC maximum diameter related to
minimum Aortic diameter. Single or combined parameters, as well as Collapsibility Index,
showed lower or no correlations. Vascular parameters were able to explain 7.5% of the
variance of fluid losses, whereas interindividual effects explained 10%. The remaining 82.5%
is of mixed intraindividual counterregulatory effects.

Conclusion: IVC diameter changes in immersion-induced hypovolemic centralization pro-
vides qualitative information on relevant fluid loss only. Confounding factors like inter and
intraindividual variability prevent a sufficient correlation for useful quantification of the
experienced non-bleeding fluid deficit in the clinical setting.

Keywords: emergency sonography, fluid status, IVC-parameters, caval index

Introduction
Background

The measurements of Inferior Vena Cava diameter and several related parameters
are established' and validated in protocols of extended focused sonography to
assess the volume status especially in bleeding or hemodialysis-induced fluid loss
of adults and children®® with high inter-rater reliability. In emergency medicine,
the assessment of volume status is important, especially to diagnose hypovolemic
patients and to correct their volume deficit as quickly as possible before organ
damage occurs,” which becomes even more relevant during the Covid-19-

Pandemic.
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The principle behind this approach is the increasing -
especially respiration-dependent - diameter (d) variability
of the central veins inferior to the right atrium (IVC),
which correlates with increasing fluid deficit of the body,
but is also prone to normalization due to plasma refilling
from the interstitium.®”'%'" Akili et al found that sono-
graphic dIVC as a marker of acute blood loss or fluid
deficit was more accurate than the shock index, serum
lactate level and base deficit.'?

However, not only through respiratory cycle, but also
through cardiac cycle and other abdominal and chest pres-
sure fluctuations, central venous pressure and venous pulse
influence the shape and cross-section of the IVC.'*'
Diameter changes caused by breathing-related changes of
intrathoracic pressure are of major influence and can even
lead to a closure of the vein.!> On the other hand, cardiac
dysfunction, especially tricuspid insufficiency, has
a significant influence on dIVC'® and can falsify estima-
tions on volume status due to additional distension caused
by flow reduction. Further, inaccurately set measuring
points can cause caliber variations depending on the height
of the abdominal gate.'” If the vein is measured obliquely,
the dIVC can be overestimated. Likewise, it can be under-
estimated if the vein is measured out of the center.

Several attempts have been made to quantify fluid
status using these easily accessible parameters despite
the difficulties to obtain measurements that are directly
related to fluid change in humans apart from blood dona-
tion or dialysis. In recent studies, ultrasound parameters
were analysed before and after a fluid loss of almost 3
liters during a marathon run'® and less than 0.5 liters
during a blood donation.'” Results of this cross-sectional
study revealed a difference of 20-37% in expiratory and
inspiratory IVC diameters after the fluid loss in both
studies, despite large differences in the amount of fluid
lost. The study population was roughly standardized and
without repeated measurements of the same individual
after repeated fluid loss. In another study that compared
dIVC in expiration before and after hemodialysis,
a formula to calculate fluid loss was found,'° which
revealed a 1% decrease in body weight corresponding to
a 16% decrease in dIVCmax. In ventilated ICU patients,
sensitivity predicting fluid responsiveness was 69% and
specificity 80% from a meta-analysis of 603 patients.>® To
account for individual bio characteristics, relative
changes, and relations of IVC diameters to, eg, aortic
diameters, have been postulated to provide higher accu-
racy than absolute IVC diameters alone.’ In a study on

dehydrated children,®' a clear cut-off for detection of
dehydration could be defined with a sensitivity of 86%
and a specificity of 56%.

When comparing these results, it remains unclear,
whether changes in [IVC diameter and related relative indices
are generalizable in bleeding and non-bleeding fluid losses,
such as in severe inflammation, and if the fluid deficit can be
quantified using IVC measurements. Especially in sepsis
with a massive need for fluid replacement and at the same
time capillary leak or even Covid-19-Pneumonia, the quanti-
fication of the demand for intravascular fluid replacement to
avoid hyperhydration and pulmonary edema may be crucial.

Therefore, we sought to find a model of significant
non-bleeding fluid loss in humans by avoiding confoun-
ders like extraordinary exhaustion or special training
status, but including intra-individual variances and dif-
ferent pre-existing hydration levels as observed in emer-
gency patients. Self-Contained Underwater Breathing
Apparatus (Scuba) diving can be done at almost all
ages and without an exceptional physical training condi-
tion. Divers are known to lose a considerable amount of
fluid per dive, mainly due to immersion-related auto-
nomic response with increased diuresis and other effects
like vasoconstriction, sweating and humidification of dry
breathing gas.”*** In case no diving accident occurs, the
physiologic alterations during diving are completely
reversed upon surfacing, therefore we consider diving
itself as a tool for induction of a non-bleeding fluid
loss and interstitial recruitment only and thus not influ-
encing measurements taken at the surface.

Aims

Aims of this study were to find out, whether Non-bleeding
fluid loss from a standard sports Scuba dive is correlated with
ultrasound-derived IVC parameter changes after the dive. If
so, which absolute or relative parameter bears the best correla-
tion? Further, can changes in ultrasound-derived IVC para-
meters provide sufficient information for an estimation or even
quantification of the experienced fluid loss and need for repla-
cement - especially in a non-ventilated emergency patient?

Materials and Methods
Study Protocol

Forty-one Scuba divers were recruited for this observa-
tional study. All underwent independent medical examina-
tion for diving fitness and gave informed consent after
university ethical approval. Three hundred and forty-two
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single and repetitive dives were monitored with consecu-
tive 684 measurements. All divers were breathing com-
pressed air. Individual vital signs (heart rate, blood
pressure) and biodata (height, weight, sex, age, food and
fluid intake, exhaustion, smoking), as well as dive profiles
and surface intervals, were recorded before and after each
dive. Repetitive dives were considered as dives within 12
hours after the previous dive.
The study protocol for each dive was as follows:

1. The divers presented directly before the dive after
undressing and emptying their bladders since urine
was considered as fluid loss. From this point on, no
food or fluid was consumed.

2. Body weight was taken using a Beurer BF 105
diagnostic scale, and ultrasound parameters were
recorded in flat supine position.

3. After the ultrasound examination, the divers geared
up and went for the non-standardized scuba dive.

4. Directly after the dive, the divers dressed off and
presented again after emptying their bladders.

5. Body weight, vital signs and dive parameters were
taken, ultrasound parameters were recorded in flat
supine position.

6. Food and drinks were consumed from this point
until the next pre-dive measurement.

The fluid loss induced through diving was measured
through the difference of body weight from before to after
any dive.

Ultrasound Parameters

Ultrasound frame recording was done with a curved array
multi-frequency probe of Logic e (GE Healthcare) ultra-
sound system by an ultrasound-experienced physician
under the supervision of a certified ultrasonographer
(advanced European diploma). Before and after each
dive, two subxiphoidal transabdominal short-axis images
were recorded 3—4 cm below the right atrium (Figure 1)
with M-Mode beams in the axis of the maximum ante-
rior-posterior diameter change of IVC and Aorta.
Reasons for this approach were, first: identical horizontal
beam with anatomical probe guidance by lower rib cage,
and second: avoiding diameter measurements out of mid-
line through short axis instead of long axis vessel cut,
third: M-Mode verification of stable maximum and mini-
mum vessel diameters over time without movement arti-
facts. Diameter changes dependent of cardiac and resting

Figure | Subxiphoidal short-axis access of the major vessels for IVC (depicted) and
aortic diameter measurements in the individual anterior-posterior axis of the great-
est collapse. Both recordings were stored and analyzed for diameter variabilities
dependent on cardiac and respiratory cycle and compared to recordings of the
same diver after the measured individual weight loss in any dive after ascent.

respiratory cycles (spontaneous breathing without forced
inspiration) were recorded. The rationale behind includ-
ing not only respiratory cycle but also cardiac cycle
dependent diameter variability assessments is the influ-
ence of possible variations in respiratory movement
despite resting spontaneous breathing. Measurement
parameters were minimum cardiac cycle dependent ante-
rior-posterior IVC diameter (dIVC min) as well as mini-
mum respiratory cycle dependent anterior-posterior IVC
diameter (dIVC min insp), further maximum Inferior
Vena Cava (dIVC max) and Aortic Diameters (dAo min
and max), were recorded. Post- minus pre-dive differ-
ences between these parameters were calculated, as well
as quotients between [VC and Aortic diameters to equal-
characteristics.  Furthermore, IVC
((dIVCmax-min)*100/dIVCmax)
was calculated using both dIVC min insp and dIVC

ize for bio
Collapsibility Index
min. These measured and calculated ultrasound para-
meters were then related to the measured weight loss
during each dive. This was calculated for all dives, but
also for the first dive of the day (no dive within the last
12 hours) and repetition dives, to account for possible
influence of pre-existing dehydration or ongoing counter-
regulatory effects.

Data and Statistical Analysis

IVC ultrasound frames for measurements were stored as
JPEG-files using individualized file names. File names
were blinded and subsequently analysed by two experienced
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ultrasonographers (advanced European diploma) upon com-
pletion of all data recording. The statistical analysis was
conducted using R v4.0.2. All correlations between vascular
measurement results and weight losses after any dive were
calculated using a Spearman-Correlation, and afterwards
separately analyzed in subgroups for the first dive of
the day and repetition dives (simplified as “second dive”).
A mixed linear model, using the R-Package ImerTest,”* was
calculated to account for the repeated measures. The mar-
ginal R? (coefficient of determination of the fixed effects) and
the conditional R? (coefficient of determination of the fixed
and the random effects) were calculated, whereas the first is
comparable to the classical coefficient of determination.”
The sample size calculation of sonographic IVC assessment
is published in.?

Results
Study Participants

One hundred and one dives were completed by female
divers (n=13) and 241 dives were completed by male
divers (n=28), aged from 15 to 69 years (mean = 30) and
had a range in Body Mass Index from 20 to 34 (mean =
24). They lost on average 1.09 kg (sd=0.6kg, maximum
2.9 kg) during the dive, whereas the loss in the first dive of
the day (M=1.17 kg, sd=0.59 kg) was significantly higher
than in the second dive of the day (M=0.93 kg,
sd=0.59 kg; -test, 1(309)=3.39, p < 0.001). The average
dive time was 46 minutes (sd=10 min).

Effects on Vascular Parameters
The ultrasound-derived vascular parameters were compared
before and after the first dive with a paired #-test (Figure 2) in
the same individuals, showing significant differences (with
Bonferroni adjusted p-values) in the parameters heart rate (t
(188)=—2.41, p=0.017), systolic blood pressure (t(129)=
—3.44, p=0.001), maximum IVC diameter (t(152)=—2.42,
IVC diameter (t(161)=1.99,
p=0.0481), however no difference was found for diastolic
blood pressure (t(130)=0.51, p=0.613), maximum Aortic
diameter ((202)=—1.22, p=0.225) and minimum Aortic dia-
meter (t(193)=—0.06, p=0.955).

As the relative weight loss was higher for first dives

p=0.016) and minimal

compared to repetition dives, additional separate calculations
for correlation were done for both types of diving (Table 1).
For all single post-dive measurements (both dives, first
dive, second dive), no significant correlation was found for
any parameter (Heart Rate, BP Syst, BP Diast, dI[VCmax,
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Figure 2 Comparison of measured core-parameters of the same individuals from
before to after any dive. Plots are displaying median (bold horizontal line), inner
quartiles (3,4; box, thin horizontal lines) and outer quartiles (1,4) with minimum and
maximum as whiskers. Outliers (deviation from inner quartile of more than 1.5
times the inner quartile range) are shown as black dots. dIVCmin insp proved to be
extremely dependent on respiratory efforts with a wide spread and is not displayed,
numerical values are shown in Table I.

dIVCmin, dIVC min insp, IVCmin Collapsibility Index,
IVCminlnsp Collapsibility Index, dAomax, dAomin,
dIVCmax/dAomin, d[VCmax/dAomax, d[VCmin/dAOmin,
dIVCmin insp/dAomin, dIVCmin/dAomax) as shown in
the supplemental material (Table S1).

Except for dIVCmax (post-pre), no differences
between the vascular parameters were found between
first and repetition dives (Figure 3).

We were not able to predict the relative weight loss in
a post-measurement scenario using the cardiac cycle or
respiratory dependent IVC collapsibility index. In a pre-
post-measurement scenario, the difference of the quotient
of dIVCmax and dAomin (C, marg. R?=0.07) proved to be
the best predictor for experienced fluid loss (Figure 4 and

Table S2 in the Supplement).

Discussion

In our model with an average weight equivalent fluid loss of
more than 1 kg per dive with a duration of less than 1 hour,
we were able to show significant changes in the minimal
Aortic diameter and the minimal and maximal diameters of
the Inferior Vena Cava during the cardiac cycle. We could not
show weight loss related changes in the minimal diameter of
the Inferior Vena Cava during respiration for a wide intrain-
dividual variability during spontaneous breathing. Further,
due to non-standardized inspiration and thus, movement of
the sonographic window, many IVC inspiration measure-
ments had to be excluded through post-hoc blinded analysis,
which might be limiting our study. When accounting for
biometric variability and integrating changes of sonographi-
cally derived vascular parameters into quotients or relative
relations, we were able to show significant correlations of
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Table | Mean and Standard Deviation (Sd) of Vital and Ultrasound-Derived Parameter

Differences (Post Minus Pre-Dive

Measurements) and Quotients (Indices) to Normalize for Biometric Variability

Variable n Mean | sd All Dives p corr | First Dive p corr | Repetition Dives | p corr
rs p-value rs p-value rs p-value

Heart Rate_diff 294 | -3.09 | 1341 | 0.09 0.133 ns 0.02 0.750 ns 0.15 0.147 ns

BP Syst_diff 197 | -3.07 | 1544 | —0.0I 0917 ns 0.08 0.388 ns -0.09 0.510 ns

BP Diast_ diff 198 | 1.80 14.5 -0.43 0.558 ns —-0.015 | 0.864 ns -0.07 0.574 ns
dIVCmax_diff 236 | —0.39 | 476 | —0.20* | 0.002 0.021 —-0.13 0.127 ns -0.29 0.012 ns
dIVCmin_diff 248 | —-0.42 | 4.71 —-0.19* | 0.004 0.042 | -0.17 0.031 ns -0.21 0.065 ns
dAomax_diff 301 | —0.07 | 2.16 0.09 0.136 ns 0.11 0.117 ns 0.08 0.472 ns
dAomin_diff 286 | 0.17 339 [ 0.14 0.019 ns 0.22* 0.003 0.034 0.05 0.642 ns
dIVCmax/dAomin_diff 204 | —0.03 | 0.45 | —0.34* | 0.000 0.000 | -0.32* | 0.000 0.000 | -0.38* | 0.001 0.014
dIVCmax/dAomax_diff 225 | -0.01 | 0.31 | -0.22* | 0.001 0.013 -0.17 0.042 ns -0.27 0.020 ns
dIVCmin/dAomin_diff 215 | -0.06 | 0.41 —0.30* | 0.000 0.002 | -0.31* | 0.000 0.003 -0.22 0.063 ns
dIVCmin (insp)/dAomin_ diff | 9 0.081 0.332 | 031 0.198 ns 0.35 0.201 ns 0.40 0.750 ns
dIVCmin/dAomax_diff 237 | -0.03 | 0.32 | -0.20* | 0.002 0.041 -0.19 0.017 ns -0.20 0.089 ns

Notes: Spearman correlation coefficient (rs) with relative weight loss (percent body weight) with each the given parameters with p-value and Bonferroni-corrected p-value
(p corr) are calculated for . all dives, 2. only the first dive of the day, and 3. only dives following the first dive (repetition dives). Different numbers of datapoints (n) are due
to ultrasound scans that were excluded in post-hoc analysis due to inadequate quality. The post-pre dive difference on dIVCmin in inspiration is not displayed since
inspiratory efforts and their influence on IVC diameter were too variable. Correlation coefficients with a corrected p-value lower than 0.05 are bold and flagged with “*”.

relative weight loss (percent of body weight) with changes in
post-pre dive differences of dIVCmax/dAomin, dIVCmax/
dAomax, dIVCmin(insp)/dAomin and dIVCmin/dAomax,
but not cardiac- or respiratory dependent IVC Collapsibility
((dIVCmax-min)*100/d[VCmax).  We
a maximum correlation with relative weight loss of =0.34
for the post-pre difference of dIVCmax/dAomin.

Aiming to find an equation to estimate weight loss with

Index found

post-pre differences, intra- and interindividually independent
R? ranges were generated, explaining a maximum of around
7.5% for all relevant biometric variability adjusted vascular
parameter changes only. Including the interindividual effect
(conditional R?), the resulting 17.5% explanation of vascular
parameter change is not sufficient either. The low Intra Class
Correlation of 0.13 reveals an additional high intraindividual
variance that further obscures the effect of fluid loss on
ultrasound-derived IVC parameters.

This means - from an ex-post view - we cannot reliably
estimate or even calculate fluid deficit from the evaluated
ultrasound-derived parameters. The parameter dIVCmax
(expiration) and its equations to equalize biometric variability
- especially when related to Aortic diameters - seem to be the
only relevant ex-post parameters for a sufficient indication of
a fluid deficit in the central circulatory system of a non-
ventilated patient. Our parameter with the highest correlation
dIVCmax/dAomin Diff post-pre corresponds in an example
calculation at a value of —0.60 (mean of lower quartile) to
a fluid loss of - 1.26% (95%-prediction interval: 0.15-2.36%

relative weight loss). In an 80 kg-patient, this would lead to an
uncertainty between 0.12 and 1.9 liters fluid deficit - no ade-
quate clinical guidance for fluid replacement. Both intra- and
interindividual factors - more than just different inspiratory
efforts alone - generate a relevant overlay of the volume-load
derived diameter variability of the Inferior Vena Cava. These
effects are included in our study population since the same
divers went for several dives as first or repetitive dives and
showed a broad variety in intra- and interindividual weight loss
as well as changes in corresponding ultrasound parameters.
Thus, we can answer our research questions as follows:

1. Non-bleeding fluid loss from a standard sports
Scuba dive is correlated with ultrasound-derived
IVC parameter changes after the dive, especially
when there is no existing physiologic reaction to
previous dehydration within the past 12 hours.

2. The best correlation is found for mainly respiratory
independent post-pre difference of dIVCmax/
dAomin as relative parameter.

3. The change in ultrasound-derived IVC parameters
after a non-bleeding fluid loss of 1 liter in less than
1 hour in a sports diver human model cannot pro-
vide sufficient information for quantification of the
existing fluid deficit.

With our results, we confirm - with an even higher correlation
- the results of Ragaisyte in marathon runners'® and
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Figure 3 Differences of measured circulatory and ultrasound-derived vascular parameters after minus before any dive for the first and repetitive dive on any day. In
repetitive diving, there is a trend towards smaller effect sizes of ultrasound parameters (significant difference in dIVCmax only). Plots are displaying median (bold horizontal
line), inner quartiles (3,4; box, thin horizontal lines) and outer quartiles (1,4) with minimum and maximum as whiskers. Outliers (deviation from inner quartile of more than
1.5 times the inner quartile range) are shown as black dots, numerical values in Table I.
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Figure 4 Scatterplots for the effect of the relative weight loss on sonographic vascular parameters, whereas the first (A) model used post dive measurements and the latter
(B) post-pre dive differences. The predictions were graphically separated in measurements taken for the first dive (dark blue) and the second dive (light blue) with the
confidence interval of the regression lines (shade).

Waterbrook®® in football players that both found the best expiratory IVC diameter related to Aortic diameter
correlation of non-bleeding fluid loss to either the expiratory  (dIVCmax/dAomin). Similar to our results, the mentioned
IVC diameter (dIVCmax) or the post-pre difference of authors found no significant correlation of the Collapsibility
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(Caval) Index. Apparent reasons for slightly differing results
could be the inclusion of intraindividual variability and
a broader biospectrum (BMI, age etc.) in our study popula-
tion. Furthermore, athletes typically have a higher body
temperature, heart rate and skin vasodilation after heavy
exercise, whereas our study population experienced low
physical exertion during the dives. In addition, scuba diving
leads to vasoconstriction not only due to fluid loss and
pressure-related effects, but also due to a cold environment
with consecutive skin vasoconstriction. Therefore, our field
model seems to be comparable to centralized hypovolemic
Emergency Department patients when we have no informa-
tion on vascular diameters and pre-existing hydration - we
seek sonographic information for sufficient therapy decisions
on the amount of fluid needed in Status Quo only. The
condition upon presentation in the Emergency Department
is typically a mixture of acute and chronic health distur-
bances and counter regulations. In our results, an impressive
example of such an effect combination is shown by the
differences between fluid loss as well as vascular diameters
in repetitive diving compared to the first dive of a day.

1’10

Contrary to Tetsuka et al,~ who found a linear relation of

changes in dIVCmax and corresponding relative body weight

1?7 did not find a relation

after hemodialysis, Duvekot et a
between total blood volume measured by radioactive isotope
dilution and infusion induced acute dIVC expansion.
Counterregulatory effects with participating major extracel-
lular volume depots seem to obscure volume quantification
using IVC indices.

In studies with dehydrated children,*"**2° dIVCmax/
dAomin was also found to provide the best diameter
related correlation to the effects of fluid replacement.
Higher accuracy was achieved with I[VCmax/Aomin rela-
tion of areas instead of diameters — both an interesting
approach for further studies. The reason for this quotient
being most promising compared to other parameters is that
IVCmax (decreasing with fluid loss) can be assessed easily
without being influenced by non-standardized ventilation
effects compared to IVCmin or IVCmin (insp). Further,
Aomin (but not Aomax) increases with fluid loss due to
vasoconstriction and their quotient thus enhances the vas-
cular diameter response to fluid loss for an easier qualita-
tive recognition of a fluid deficit through the dIVCmax/
dAomin quotient in the emergency setting.

Conclusion
With our data, we can show that there are significant changes
in ultrasound derived central vascular parameters after an

acute non-bleeding fluid loss, so that a relevant fluid deficit
can be detected in a qualitative way. However, intra- and
interindividual parameters are of major influence to prevent
quantification of the experienced fluid deficit from a post-hoc
view in the non-ventilated human hypovolemic vasoconstric-
tion model and even more in the emergency patient.
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