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Study objective: Doppler ultrasound blood flow waveforms during active chest compressions are unique and may allow
identification of return of spontaneous circulation. We assessed diagnostic accuracy of 4 identified Doppler ultrasound blood
flow waveforms—(1) bidirectional blood flow, (2) minimal blood flow, (3) anterograde dominant blood flow, and (4) pulsatility
through compressions—during chest compressions to detect arterial line (a-line) pulsatility during a subsequent pulse check.
Secondarily, we assessed if pulsatility through compressions was associated with higher systolic blood pressure (SBP) at pulse
check than anterograde dominant blood flow.

Methods: We conducted a retrospective, diagnostic accuracy study on a prospectively collected convenience sample of adult,
emergency department cardiac arrest patients. All patients had a femoral a-line. Prior to a pulse check, Doppler ultrasound clips
of the femoral artery were saved and reviewed. During a pulse check, the presence or absence of an arterial line waveform and
the highest SBP were recorded. Accuracy, sensitivity, and specificity of the blood flow waveforms were calculated using
generalized estimating equation models.

Results: Forty-four patients with 123 Doppler ultrasound waveforms and subsequent pulse checks were analyzed. Accuracy of
the Doppler ultrasound waveforms was 88.9% (95% confidence interval [Cl] 81.3 to 93.7), sensitivity of pulsatility through
compressions or anterograde dominant blood flow to detect a-line pulsatility was 97.7% (95% Cl 87.7 to 99.6), and specificity of
bidirectional blood flow or minimal blood flow for the absence of a-line pulsatility was 81.5% (95% Cl 69.3 to 89.6). Estimated
least-squares mean SBP was higher (50.9 mmHg [95% Cl 25.6 to 76.1 mmHg]) for pulsatility through compressions than
anterograde dominant blood flow waveforms.

Conclusion: Arterial Doppler ultrasound waveforms during chest compressions had good diagnostic test characteristics for

detecting arterial line pulsatility at subsequent pulse check. [Ann Emerg Med. 2026;87:412-423.]
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INTRODUCTION
Background

Maximizing chest compression fraction by limiting
chest compression interruptions is recommended by
international guidelines and may improve outcomes in
cardiac arrest patients.'” The primary driver of chest
compression interruptions is rthythm and pulse checks,
which are performed every 2 minutes.”” Although
guidelines recommend limiting these interruptions to
no more than 10 seconds, compressions are often

1,6-

interrupted for much longer. ¥ Recent studies have

shown favorable sensitivities and specificities for rhythm
detection algorithms and novel cardiac monitors during
active chest compressions.” "' However, these devices do
not detect return of spontaneous circulation (ROSC),
high-quality studies have not demonstrated that they
change patient outcomes, and guidelines do not
currently recommend their use in cardiac arrest
patients.12 Unfortunately, end-tidal carbon dioxide
monitoring during active chest compressions lacks
adequate sensitivity and specificity to detect ROSC.'*'*
Therefore, a reliable method for ROSC detection during
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Rolston et al

Arterial Doppler Ultrasound Blood Flow Waveforms During Chest Compressions

Editor’s Capsule Summary

What is already known on this topic

Chest compression interruptions are detrimental to
the resuscitation of cardiac arrest victims.

What question this study addressed

What is the performance of Doppler ultrasound flow
patterns during chest compressions in predicting
pulsatility measured by arterial line during
resuscitation of cardiac arrest?

What this study adds to our knowledge
In 123 ultrasound waveforms recorded in 44
patients, sensitivity for arterial line detected pulse

was 97.7% and specificity was 81.5%.

How this is relevant to clinical practice

If confirmed, arterial ultrasound during chest
compressions could minimize chest compression
interruptions and enhance outcomes.

active chest compressions could improve patient outcomes
by eliminating the need for frequent interruptions for
rhythm/pulse checks and maximizing time spent delivering
chest compressions.

In cardiac arrest, Doppler ultrasound improves the
accuracy of pulse detection in comparison to manual
palpation; however, it also provides an opportunity to
identify blood flow waveforms during chest
compressions.' "' Previous swine studies demonstrated
varying chest compression characteristics could alter
ultrasound blood flow, with one demonstrating
bidirectional (anterograde and retrograde) arterial blood
flow was generated by chest compressions.'®'” A prior
small feasibility study found that femoral arterial Doppler
waveforms during chest compressions are highly specific
for organized cardiac activity on echocardiography.”’

Importance

During our prior research on Doppler ultrasound for
pulse detection in cardiac arrest, we noticed Doppler
ultrasound waveforms during chest compressions varied
depending on the subsequent pulse check.'” Patients
without a pulse often demonstrated a similar bidirectional
blood flow waveform moving in similar magnitude in
anterograde and retrograde directions generated from the
compression and recoil of the chest (Figures 1A, B; Video
E1, available at http://www.annemergmed.com) or

minimal blood flow (Figures 2A, B; Video E2, available at

http://www.annemergmed.com), where there was a low
peak systolic velocity with compressions indicating poor
forward flow, whereas patients with an intrinsic pulse often
demonstrated anterograde dominant blood flow

(Figures 3A, B; Video E3, available at http://www.
annemergmed.com) with more blood moving anterograde
than retrograde, or additional pulsatile blood flow not
related to chest compressions which we called pulsatility
through compressions (Figure 4; Video E4, available at
http://www.annemergmed.com). Therefore, Doppler
ultrasound blood flow waveforms during active chest
compression may provide a reliable method of ROSC
detection without the need to interrupt chest
compressions.

Goals of This Investigation

The primary objective of our study was to assess the
accuracy, including the sensitivity and specificity of the
femoral arterial Doppler ultrasound waveforms during
chest compressions to detect any femoral arterial line
(a-line) pulsatility at the subsequent pulse check.
Secondarily, we compared the systolic blood pressure
(SBP) at subsequent pulse check of pulsatility through
compressions and anterograde dominant flow to determine
whether these waveforms could be used to differentiate a-
line pulsatility with SBP more than or equal to 60 mmHg,
consistent with ROSC with sufficient perfusion to stop
compressions, from pseudo-pulseless electrical activity
(PEA) which we define as a-line pulsatility with a SBP less
than 60 mmHg.

METHODS
Study Design

We conducted a retrospective, diagnostic accuracy
study on a prospectively collected convenience sample of
adult, emergency department (ED) cardiac arrest patients
between June 8, 2019 and August 13, 2024. Standards for
Reporting Diagnostic Accuracy guidelines were followed
in the design and reporting of this study.”’ Our health
system’s Institutional Review Board approved this study
with a waiver of informed consent. All research data are
available on request.

Patients

We enrolled a prospective, convenience sample of adult
ED patients (more than or equal to 18 years old) with
nontraumatic cardiac arrest (both out-of-hospital and in-
hospital). Patients were enrolled if they had a femoral
arterial line in place and a Doppler ultrasound-trained
emergency medicine attending physician was available.
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Figure 1. Doppler ultrasound blood flow waveforms during chest compressions. A, Bidirectional blood flow waveform on Doppler
ultrasound spectrogram. B, Bidirectional blood flow waveform on Doppler ultrasound spectrogram. In bidirectional blood flow
waveforms, the anterograde blood flow (due to the chest compression) and retrograde blood flow (due to thoracic recoil) are
equivalent (within 20% of maximum peak systolic velocity), suggesting blood is moving equally in both directions so there is no

intrinsic cardiac contractility.

Patients were excluded if they were a candidate for
extracorporeal membrane oxygenation. Pulse checks were
excluded if the arterial line was not functioning at the time
of pulse check. Retrospectively, we reviewed stored
Doppler ultrasound spectrograms to identify spectrograms
where active chest compressions were being performed
prior to a pulse check.

Study Protocol

The majority of the study protocol was previously
published, and this study developed from our observations
in the prior study.” Prior to beginning the study, all
research personnel (ultrasound faculty, ultrasound fellows,
and critical care faculty) received a 45-minute training in
both the study and ultrasound protocol by the principal
investigator. Briefly, during active chest compressions prior
to a pulse check, the common femoral artery was identified
proximal to the a-line insertion site, using a high frequency
10- or 12-megahertz linear ultrasound probe stabilized
with nonprobe holding fingers on the skin to minimize
compression artifact. The pulsed-wave Doppler function

was enabled with the indicator placed in the center of the
artery in short axis to visualize the arterial tracing. The
Doppler angle was not adjusted and maintained on the
default setting, which was either the vascular or nerve
setting. The scale was adjusted to view the entire peak and
trough of the Doppler waveform prior to a pulse check
during chest compressions. The linear probe was then
aimed slightly cephalad until adequate Doppler ultrasound
blood flow waveforms were identified during active chest
compressions. Doppler waveforms were recorded prior to
pausing chest compressions and during the pulse check.
Standard ultrasound clips are 6 seconds unless the
sonographer stops the recording earlier, and sonographers
attempted to record all of the pulse check duration with
multiple clips if needed.

Months to years after the patient was enrolled, 2
reviewers (D.M.R., N.B., A.V.N,, or AL.C.) with
extensive experience using arterial Doppler ultrasound in
cardiac arrest and who were blinded to the a-line pulsatility
and SBP findings, then sequentially and independently
reviewed stored Doppler ultrasound images on Qpath E
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Figure 2. A, Minimal blood flow waveforms on Doppler ultrasound spectrogram. Green plus symbols are chest compression
artifact. Gold arrows are minimal chest compression-generated blood flow. B, Minimal blood flow waveforms on Doppler
ultrasound spectrogram. In minimal blood flow waveforms, peak systolic velocities are less than 20 cm/s suggesting poor chest
compression-generated blood flow or minimal blood flow due to stagnation of blood/clotting.

(Telexy Healthcare Inc, Maple Ridge, BC, Canada) to
evaluate blood flow waveforms during active chest
compressions within the 30 seconds prior to a pulse check
with a Doppler ultrasound-trained investigator who chose
the clip closest to the pulse check that did not include the
pulse check. Additional clips within 30 seconds of pulse
check could be reviewed if available. In a small minority of
cases there were only a few seconds of chest compressions
prior to the pulse check so blinding was not possible. A
third reviewer was used in cases of disagreement.

After reviewing all the available Doppler ultrasound
spectrograms but prior to analysis, we categorized each
spectrogram into one of the 4 waveforms to describe chest
compression-generated blood flow. (1) Bidirectional blood
flow was considered present if the positive peak systolic
velocity of anterograde blood flow was equivalent within

20% of the negative peak systolic velocity of retrograde
blood flow (Figures 1A, B; Video E1) because we believed
less than 20% would be difficult to distinguish quickly
during active cardiopulmonary resuscitation (CPR). (2)
Minimal blood flow was considered present if the positive
peak systolic velocity and negative peak systolic velocity
were both less than 20 cm/s (Figures 2A, B; Video E2)
because our previous study demonstrated this was
associated with a SBP less than 60 mmHg which we
believed would be inadequate compression-generated
blood pressure. (3) Anterograde dominant blood flow was
considered present if peak systolic velocity in one direction
was more than 20% larger than peak systolic velocity in
the opposite direction (Figures 3A, B; Video E3). This was
almost always in a positive direction; however, on
occasion, the negative peak systolic velocity was larger than
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Figure 3. A, Anterograde dominant blood flow waveforms on Doppler ultrasound spectrogram. B, In anterograde dominant blood
flow waveforms, the peak systolic velocity is greater in one direction (almost always in a positive direction as blood flows toward
the ultrasound probe) suggesting more blood is moving anterograde from underlying cardiac contractility generating forward blood

flow than retrograde from recoil of the chest.

the positive peak systolic velocity likely because of tortuous
femoral artery anatomy or sonographer movement
distorting the angle of insonation. (4) Pulsatility through
chest compressions was considered present if there was
additional intrinsic pulsatility identified between chest
compression-generated blood flow (Figures 4A, B; Video
E4) which often creates an irregular appearing blood flow
pattern. During the subsequent pulse check, the presence
or absence of a-line waveforms and the highest SBP on the
a-line were recorded prospectively at the time of patient
enrollment. No pulse was defined as the absence of an
arterial line waveform and SBP reading of 0 mmHg.
Repeated measurements were recorded during subsequent
pulse checks until sustained ROSC was achieved, or death
was declared.

Mechanical CPR with a LUCAS 3 (Stryker Medical,
Portage, Michigan) is the preferred method of chest

. . 22
compressions in our ED.”” There were no changes to

nursing or technician staffing because of the study;
however, additional physicians and physician assistants
were in the room to perform Doppler ultrasound studies as
members of the ultrasound team.

Outcome Measures

The primary outcome measure of this study was the
overall diagnostic accuracy of the grouped Doppler
ultrasound blood flow waveforms, including the sensitivity
and the specificity, during active chest compressions to
detect subsequent a-line pulsatility with a waveform and
detectable blood pressure at the following pulse check.”***
Because we hypothesized that pulsatility through
compressions and anterograde dominant blood flow
suggest intrinsic cardiac contractility, true positives
occurred when these Doppler ultrasound waveforms were
present and the arterial line had both a waveform and SBP
reading. Because we hypothesized that bidirectional and
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Figure 4. A, Pulsatility through compressions on Doppler ultrasound spectrogram. Arrows indicate compression-generated blood
flow. Stars indicate instrinsic Doppler pulsations. B, Pulsatility through chest compressions on Doppler ultrasound spectrogram. In
pulsatility through compressions blood flow waveforms, intrinsic pulses generated from cardiac contractility are seen between
regular chest compression-generated blood flow suggesting enough cardiac contractility is present to generate additional pulsatile
blood flow in the presence of chest compressions. This often creates an irregular appearing blood flow pattern.

minimal blood suggest persistent cardiac arrest, true
negative occurred when these Doppler ultrasound
waveforms were present and the arterial line had no
waveform or SBP reading. Therefore, diagnostic accuracy
was defined as true positives plus true negatives, divided by
the total number of Doppler ultrasound waveforms/
arterial line pulse checks analyzed. We used diagnostic
accuracy for our primary outcome because it encompasses
the importance of both sensitivity, which includes
detecting a-line pulsatility suggesting stopping chest
compressions to confirm, avoid further injuries, and move to
postresuscitation care; and specificity to limit chest
compression interruptions when a pulse is not present. The
secondary outcome measure of this study was the SBP at
subsequent pulse check for the 2 Doppler ultrasound
waveforms that suggest intrinsic cardiac contraction
generated pulsatility, pulsatility through compressions, and
anterograde dominant flow. Finally, we assessed intrarater
reliability between the 2 initial reviewers with kappa statistic.

Statistical Analysis

Statistical analysis was performed by a biostatistician
who was not involved in study design or data collection.
Descriptive statistics (eg, frequencies and proportions for
categoric variables, and means and standard deviation or
medians and interquartile range (IQR) for continuous
variables) were computed for the overall sample. Accuracy,
sensitivity, and specificity of the Doppler ultrasound blood
flow waveforms with a-line as the gold standard were
calculated using the parameter estimates from generalized
estimating equation (GEE) logistic regression model. The
model assumed a binomial distribution with a logit link
function and used an exchangeable covariance structure to
account for repeated measures within patients. A cluster-
robust variance estimator was used to obtain valid standard
error estimates. A sensitivity analysis to assess unadjusted
diagnostic test characteristics of the waveforms to detect a-
line pulsatility with SBP more than or equal to 60 mmHg
was performed, as GEE models could not reliably be used
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due to quasiseparation in the data. Bootstrapping was used ~ cardiac arrest (65.9%), and predominantly nonshockable

to estimate the confidence interval (CI) when the with PEA representing 52.3% and asystole 25% of initial
sensitivity or specificity in the sample is 100%.” ED rhythms (Table 1).
Interreviewer agreement was assessed using Cohen’s kappa. Unadjusted diagnostic test characteristics are

To account for the correlation within subjects, a linear demonstrated in Table 2. In the GEE analysis, the overall
mixed-effects model with a random effect for patient was  diagnostic accuracy of the Doppler ultrasound waveforms to
used to assess the differences in SBP at a subsequent pulse  detect the presence or absence of any a-line pulsatility at

check between pulsatility through compressions and subsequent pulse check was 88.9% (95% CI 81.3 to 93.7).
anterograde dominant blood flow waveforms. Least- The sensitivity of the combined Doppler ultrasound
squares mean estimates for each flow waveform were waveforms pulsatility through compressions and

obtained from the model. Model assumptions, including ~ anterograde dominant blood flow for detecting the presence
normality, homogeneity of variance, and compound of any a-line pulsatility was 97.7% (95% CI 87.7 to 99.6).
symmetry, were assessed and found to be satisfied. All The specificity of the combined Doppler ultrasound
statistical analyses were performed using SAS 9.4 (SAS waveforms bidirectional blood flow and minimal blood flow

Institute, Cary, North Carolina). The level of significance  for detecting the absence of any a-line pulsatility was 81.5%
was set at 5%. As this is a novel study, a formal sample size ~ (95% CI 69.3 to 89.6). For Doppler ultrasound waveforms,

calculation was not performed; however, we aimed to the positive likelihood ratio (LR+) of pulsatility through
enroll at least 100 chest compression Doppler ultrasound ~ compressions and anterograde dominant flow was 5.29
waveform/pulse check pairs. (95% CI 3.34 to 8.68) for a-line pulsatility, whereas the

negative likelihood ratio (LR—) of bidirectional blood flow
or minimal blood flow was 0.03 (95% CI 0 to 0.15) for the

RESULTS absence of a-line pulsatility. Interrater reliability between
As shown in Figure 5, a total of 44 patients and 123 Doppler ultrasound reviewers was strong (Kappa statistic

Doppler ultrasound blood flow waveforms with 0.842 (95% CI 0.764 to 0.920).

subsequent arterial line pulse checks were analyzed. Ten A sensitivity analysis of the diagnostic test characteristics

sonographers enrolled a median of 2.5 IQR 1 to 7) of the grouped waveforms to detect a-line pulsatility with

patients with a median of 2 waveforms per patient (IQR 2~ SBP more than or equal to 60 mmHg at subsequent pulse

to 3.5). Patients were elderly with a mean age of 74.8 check revealed an accuracy of 70.0% (95% CI 61.5 to

years, predominantly men (68.2%), largely out-of-hospital ~ 78.0), sensitivity of 100% (95% CI 86.7 to 100), specificity

All Cardiac Arrest Patients
6/18/2019 - 8/13/2024
(Age 2 18, non-traumatic arrest)
N =627

Excluded Patients Placed on ECMO
N=14

— — — —

r

Patients with Arterial Line In Place for at Least 1 Pulse Check
N =97 Patients

Excluded 27 Patients without
[+ ——— 4 — — — +| Doppler Ultrasound Clips During
Chest Compressions

Excluded 21 Patients without
Doppler Ultrasound Performed

Excluded 5 Patients without B | Excluded 12 Pulse checks without

Arterial Line Data Recorded Arterial Line ROSC Recorded

Total Cohort Size
N=44 Patients; 123 Pulse Checks

}

Pulsatility Through Compressions | Anterograde Dominant Blood Flow | | Bidirectional Blood Flow | Minimal Blood Flow
N=24 (19.5%) N=41 (33.3%) N=45 (36.6%) N=13 (10.6%)

I A-line Pulsatility Detected I I A-line Pulsatility Detected | l A-line Pulsatility Detected | l A-line Pulsatility Detected
N=23 (95.8%) N=29 (70.7%) N=1 (2.2%) N=0 (0%)

Figure 5. Study flow diagram. 123 Doppler ultrasound waveforms during active chest compressions with subsequent arterial line
pulse check. A-line, Arterial line; ECMO, extracorporeal membrane oxygenation.
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Table 1. Patient demographics (n=44 patients).

Age, mean y (SD) 74.8 (16.5)
Sex

Men 30 (68.2%)

Women 14 (31.8%)
Race

White 17 (38.6%)

Non-White 21 (47.7%)

Unknown 6 (13.6%)
Ethnicity

Hispanic/Latino 1 (2.3%)

Non-Hispanic/Latino 35 (79.5%)

Unknown 8 (18.2%)
Cardiac arrest location

OHCA 30 (68.2%)

IHCA 14 (31.8%)
Initial ED rhythm

PEA 23 (52.3%)

Asystole 11 (25%)

VF/NT 2 (4.5%)

ROSC 4 (9.0%)

Unknown 4 (9.0%)
Mechanical CPR use

No, manual only 5 (11.4%)

Yes, out-of-hospital and ED 23 (52.3%)

Yes, ED only 16 (36.4%)
Outcomes

ROSC achieved 16 (36.4%)

Survival to admission 11 (25%)

CPR, Cardiopulmonary resuscitation; ED, emergency department; IHCA, in-hospital
cardiac arrest; OHCA, out-of-hospital cardiac arrest; VF, ventricular fibrillation; VT,
ventricular tachycardia.

of 61.7% (95% CI 51.9 to 71.5), LR+ of 2.61 (95% CI
1.77 to 3.45), and LR— of 0 (95% CI 0 to 0.18) (Table 2).
The median SBP measured during subsequent pulse
check for pulsatility through compressions was 71 mmHg
(IQR 57 to 119 mmHg) versus 40 mmHg (IQR 0 to 55
mmHg) for anterograde dominant blood flow (Table 3).
According to the mixed model, there were significant
differences between the least-squares mean SBP (50.9
mmHg [95% CI 25.6 to 76.1 mmHg]) for pulsatility
through compressions (95.1 mmHg [95% CI 73.5 to
116.8 mmHg]) versus anterograde dominant blood flow

(44.3 mmHg [95% CI 27.6 to 60.9 mmHg]).

LIMITATIONS

Our study has several limitations. First, this was a single
center study, with a small number of patients, and repeated

measurements for each patient; however, our analysis
accounted for repeated measurements. Second, we enrolled
a convenience sample of cardiac arrest patients, which could
lead to a selection bias. Third, in a minority of cases
Doppler ultrasound reviewers could not be blinded to the
Doppler ultrasound tracings; therefore, the Doppler
ultrasound findings during a subsequent pause in
compressions could have influenced interpretation.
However, reviewers were asked to interpret the waveform
prior to visualizing the pulse check and were blinded to a-
line findings. Fourth, because this was a retrospective
analysis, we did not have access to monitor data to compare
arterial line waveforms with Doppler ultrasound waveforms
during active compressions. Fifth, our study personnel have
extensive experience using arterial Doppler ultrasonography
during cardiac arrest, limiting generalizability. Sixth, arterial
Doppler ultrasound was performed in a transverse
orientation for ease of the sonographer; however, it is
commonly obtained in a longitudinal orientation for
peripheral arterial disease studies.”>*” This could lead to
underestimating velocities of blood flow due to the angle of
insonation being perpendicular to blood flow; however,
none of the patients with minimal blood flow waveforms
had a subsequent pulse on the arterial line.”*” Seventh, we
excluded patients when an a-line was unable to be placed,
which may have caused selection bias especially against
patients with obesity, severe peripheral arterial disease, rapid
ROSC (like a witnessed shockable rhythm), and patients
with poor prognosis. Eighth, many patients with a-lines did
not have Doppler ultrasound clips recorded during active
chest compressions. We believe this is primarily because
sonographers were focused on recording during the pulse
check (the prospective study’s primary outcome) rather than
during chest compressions (a secondary retrospective
outcome). However, we find performing Doppler
ultrasound during chest compressions easier than during a
pulse check because we have more time. Ninth, our study
was performed with Doppler ultrasound of the femoral
artery only, limiting generalizability of waveform
interpretation at other arteries like the carotid or brachial.
Tenth, our study may overestimate the degree of retrograde
blood flow because of the active chest decompression
provided by the LUCAS 3 chest compression system;
however, we have also observed this phenomenon in
standard manual compressions and will assess this in a
subsequent study.

DISCUSSION

The results of our study suggest that the 4 arterial
Doppler ultrasound blood flow waveforms described here
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during active chest compressions have high sensitivity and
negative likelihood ratios, and moderate accuracy,
specificity, and positive likelihood ratios for detecting any
a-line pulsatility at a subsequent pulse/rhythm check in
cardiac arrest patients. Additionally, we found that
visualizing native Doppler ultrasound pulsatility through
chest compression-generated blood flow is associated with
a higher SBP at a pulse check than when chest
compression-generated anterograde dominant blood flow
is present.

Our study suggests that changes in arterial Doppler
ultrasound blood flow waveforms during active chest
compressions provide a unique opportunity to detect
changes to underlying blood flow generated by intrinsic
cardiac contractility. When pulsatility through
compressions waveforms is seen, this suggests the blood
flow generated was substantial enough to be seen through
compression-generated blood flow, which explains why
there was a higher SBP found with this waveform.
Additionally, when anterograde dominant blood flow was
seen, this suggests that more blood is moving anterograde
than retrograde because there is underlying continuous
forward blood flow generated from cardiac contractility. A
prior study explored femoral arterial Doppler ultrasound
tracings to evaluate for intrinsic cardiac activity during
compressions and found 100% specificity of visualized
pulsatility through chest compressions for detecting
organized echocardiographic cardiac activity during
subsequent pause, but only 50% sensitivity.”’ By adding
anterograde dominant blood flow to pulsatility through

compressions, our study demonstrates improved sensitivity
for a-line pulsatility and ROSC with SBP more than or
equal to 60 mmHg detection; however, two thirds of those
episodes detected by anterograde dominant flow had a-line
pulsatility with SBP less than 60 mmHg (Table 3).
Although identifying pseudo-PEA (a-line pulsatility with
SBP less than 60 mmHg) is helpful to inform prognosis
and may lead to changes in management, such as
administering vasopressors or inotropes, chest
compressions should likely be continued.”””" Our strategy
for our future pilot study on Doppler ultrasound-guided
CPR will include continuing chest compressions in
nonshockable rhythms until pulsatility through compressions
or anterograde dominant blood flow is observed, then
performing arterial Doppler ultrasound for a pulse check.
From our prior research, if Doppler ultrasound pulsatility is
seen with peak systolic velocity less than 20 cm/s we will treat
like pseudo-PEA and continue CPR, but if pulsatility with
peak systolic velocity more than or equal to 20 cm/s is seen
we will stop CPR and assess for other evidence of perfusion
(blood pressure and echocardiogram)."

Because a high chest compression fraction is associated
with improved cardiac arrest outcomes, minimizing
interruptions for rhythm/pulse checks could improve
patient outcomes.' ™’ If our findings are confirmed in
larger studies, this could lead to changes in cardiac arrest
algorithms and a more patient-specific approach to CPR.
For patients with nonshockable rhythms, this could mean
prolonging chest compression intervals until pulsatility
through compressions or anterograde dominant blood

Table 2. A 2 x 2 table with unadjusted diagnostic test characteristics of grouped Doppler ultrasound blood flow waveforms during chest

compressions with arterial line pulsatility at subsequent pulse check.

Primary Outcome

A-Line Pulsatility (n) No A-Line Pulsatility (n)

Pulsatility through compressions or anterograde dominant
blood flow

Bidirectional blood flow or minimal blood flow
Diagnostic test characteristics

52 13
1 57
Sensitivity Specificity
98.1% 81.4%
Accuracy
88.6%

Sensitivity Analysis

A-Line Pulsatility
With SBP>60 mmHg (n)

No A-Line Pulsatility/
SBP<60 mmHg (n)

Pulsatility through compressions or anterograde dominant
blood flow

Bidirectional blood flow or minimal blood flow

Diagnostic test characteristics

25 36
0 58
Sensitivity Specificity
100% 61.7%
Accuracy
70.0%
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Table 3. Unadjusted characteristics of Doppler ultrasound blood flow waveforms during chest compressions and findings at subsequent

pulse check.

A-line Pulsatility With

Doppler Ultrasound Blood Flow A-line Pulsatility At

SBP>60 mmHg At

Median SBP At Mean SBP At

Waveform During Compressions n Pulse Check (%) Pulse Check (%)* Pulse Check (IQR) Pulse Check (SD)
Total 123 53 (39.8%) 25 (20.3%) 0 (0-55 mmHg) 30.6 (48.8 mmHg)
Minimal flow 13 0 0 0 0
Bidirectional flow 45 1 (2.2%) 0 0 (0-0 mmHg) 0.4 mmHg (2.7 mmHg)
Anterograde dominant flow 41* 29 (70.7%) 9 (23.1%)* 40 mmHg (0-58 mmHg) 40.5 mmHg (35.4 mmHg)
Pulsatility through compressions 24* 23 (95.8%) 16 (72.7%)* 80 mmHg (59-120 mmHg) 98.7 mmHg (61.4 mmHg)

n, Number of compression intervals with subsequent arterial line pulse checks; SD, standard deviation.
*119 patients had SBP recorded at a pulse check, 2 patients with anterograde dominant flow and 2 patients with pulsatility through compressions were missing SBP data.

flow is seen. Anterograde dominant blood flow could also
be treated like pseudo-PEA with continued chest
compressions until pulsatility through compressions blood
flow is seen on Doppler ultrasound. For patients with
shockable rhythms, pulsatility through compressions and
anterograde dominant blood flow waveforms could suggest
successful defibrillation, shortening postdefibrillation chest
compression duration and decreasing associated
compression-related injuries.

Patients who had bidirectional blood flow were very
unlikely to have a-line pulsatility at a subsequent pulse
check. The mechanism of blood flow during true cardiac
arrest is subject to debate, with 2 current theories
proposed. The cardiac pump theory proposes that blood is
pushed forward from the heart into the arterial circulation
by chest compressions, whereas the thoracic pump theory
proposes that compressions cause an overall increase in
intrathoracic pressure to produce a forward blood
flow.”>*° However, Lampe et al'® suggested that arterial
blood flows both anterograde with chest compression and
retrograde with chest recoil, which in conjunction with
our data suggests the thoracic pump model is the more
likely mechanism with predominantly piston-driven chest
compressions over the lower half of the sternum. We
found bidirectional arterial blood flowing equally
anterograde and retrograde with changes in thoracic
pressure for most patients without subsequent a-line
pulsatility, suggesting effectively zero net forward blood
flow. This may be because studies demonstrate 80% to
100% of chest compressions at the lower half of the
sternum compress the left ventricular outflow tract, aortic
root, or ascending aorta, potentially obstructing forward
blood flow with compressions.”® "

Of the 13 compression intervals with minimal blood
flow on Doppler ultrasound (Table 3), none had a-line
pulsatility at subsequent pulse check. We hypothesize this

is because patients with minimal flow are receiving very
poor chest compressions so you cannot visualize much
blood flow, or because the patients had prolonged
downtime with no or low blood flow, so the blood is
beginning to clot, and minimal blood flow can be
generated by chest compressions. Although it is possible an
angle of insonation that is perpendicular to blood flow can
generate similar findings on Doppler ultrasound, we did
not identify this occurring in any patients. Additionally,
our protocol recommending aiming cephalad during chest
compressions until adequate Doppler ultrasound
waveforms were identified; therefore, these minimal flow
waveforms were likely the best waveforms that could be
identified by the enrolling sonographer.

Our Doppler ultrasonographers have extensive
experience reviewing Doppler ultrasound clips in cardiac
arrest, which likely explains the strong interrater reliability.
Although most sonographers will not be able to obtain
similar results, artificial intelligence software built into
Doppler ultrasound technology may be able to identify these
different waveforms reliably in the future.”'

In this convenience sample of cardiac arrest patients,
when an ultrasound expert obtained a video clip, femoral
artery Doppler ultrasound blood flow waveforms during
active chest compressions had good diagnostic performance
characteristics for detecting any a-line pulsatility on a
subsequent pulse check, and may be able to differentiate
ROSC from pseudo-PEA. Whether most emergency
physicians could capture and read clips in real time, and
whether this could decrease chest compression pauses, affect
care decisions, and improve outcomes needs to be validated
in larger, prospective studies, which we are planning.
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