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Abstract

It remains unclear whether reduced myocardial contractility, venous dilation with decreased venous return, or arterial dilation
with reduced systemic vascular resistance contribute most to hypotension after induction of general anesthesia. We sought
to assess the relative contribution of various hemodynamic mechanisms to hypotension after induction of general anesthesia
with sufentanil, propofol, and rocuronium. In this prospective observational study, we continuously recorded hemodynamic
variables during anesthetic induction using a finger-cuff method in 92 non-cardiac surgery patients. After sufentanil admin-
istration, there was no clinically important change in arterial pressure, but heart rate increased from baseline by 11 (99.89%
confidence interval: 7 to 16) bpm (P <0.001). After administration of propofol, mean arterial pressure decreased by 23 (17
to 28) mmHg and systemic vascular resistance index decreased by 565 (419 to 712) dyn*s”‘cm‘S*m2 (P values <0.001).
Mean arterial pressure was <65 mmHg in 27 patients (29%). After propofol administration, heart rate returned to baseline,
and stroke volume index and cardiac index remained stable. After tracheal intubation, there were no clinically important
differences compared to baseline in heart rate, stroke volume index, and cardiac index, but arterial pressure and systemic
vascular resistance index remained markedly decreased. Anesthetic induction with sufentanil, propofol, and rocuronium
reduced arterial pressure and systemic vascular resistance index. Heart rate, stroke volume index, and cardiac index remained
stable. Post-induction hypotension therefore appears to result from arterial dilation with reduced systemic vascular resistance
rather than venous dilation or reduced myocardial contractility.

Keywords Intraoperative hypotension - Blood pressure - Cardiac output - Hemodynamic monitoring - Cardiovascular
dynamics

1 Introduction

Bernd Saugel and Elisa-Johanna Bebert contributed equally to the Intraoperative hypotension is associated with myocardial
study. injury, acute kidney injury, and death [1-7]. The harm
54 Bernd Saugel threshold appears to be a mean arterial pressure of about

bernd.saugel @ gmx.de 65 mmHg, with risk progressively increasing at lower pres-

sures and longer durations [8]. About a third of all intraop-
erative hypotension occurs between anesthetic induction and
surgical incision [9, 10]. Since surgery has yet to start when
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this post-induction hypotension occurs, it is largely deter-
mined by patients’ baseline risk and anesthetic management
[10, 11]—with the latter being modifiable.

Anesthesia is often induced with a combination of sufen-
tanil, propofol, and rocuronium. The neuromuscular block-
ing agent rocuronium probably has little effect on arterial
pressure besides hemodynamic effects related to paraly-
sis itself [12]. However, opioids promote post-induction
hypotension [11, 13], as does propofol [14—17]. It remains
unclear, though, whether post-induction hypotension is pri-
marily due to reduced myocardial contractility, venous dila-
tion with decreased venous return, or arterial dilation with
reduced systemic vascular resistance [18-20]. The relative
contribution of different potential pathophysiologic mecha-
nisms to hypotension after anesthetic induction thus remain
unclear.

A better understanding of pathophysiologic mechanisms
contributing to post-induction hypotension may guide man-
agement and reduce hypotension. We therefore sought to
assess the relative contribution of various hemodynamic
mechanisms to hypotension after induction of general anes-
thesia with sufentanil, propofol, and rocuronium in adults
having non-cardiac surgery.

2 Methods
2.1 Study design

This was a prospective observational study performed in the
Department of Anesthesiology, Center of Anesthesiology
and Intensive Care Medicine, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany between April
and August 2018. The study was approved by the Ethics
Committee of the Medical Association of Hamburg on Janu-
ary 9, 2018. All patients provided written informed consent.
This observational study adheres to the STROBE guidelines.

2.2 Inclusion and exclusion criteria

We included adults with American Society of Anesthesiolo-
gists (ASA) physical status class I-III scheduled for elec-
tive gynecologic, urologic, otolaryngologic, or oral and
maxillofacial surgery with general anesthesia and tracheal
intubation. Patients were excluded if they had heart failure
(New York Heart Association Functional Classification class
II or higher), atrial fibrillation or other high-grade cardiac
arrhythmias, peripheral artery occlusive disease (Fontaine
stage II or higher), took beta blockers, had edema of the
hands or fingers, had a history or suspicion of difficult air-
way, or an indication for rapid sequence induction. Patients
were also excluded when regional anesthesia was performed
before induction of anesthesia.

@ Springer

2.3 Study protocol and measurements

Patients were not premedicated. Preoxygenation was per-
formed with a sealed face mask at a positive end-expir-
atory pressure of 5 mbar. Anesthesia was induced with
sufentanil (0.2-0.5 pg*kg™!), propofol (1.5-2.5 mg*kg™),
and rocuronium (0.5-0.9 mg*kg~!). Patients’ tracheas
were intubated and mechanical ventilation was initiated
with a tidal volume of 6-8 mL*kg™! at a positive end-
expiratory pressure of 5 mbar. After induction, general
anesthesia was maintained with either propofol or inhaled
sevoflurane.

In addition to routine anesthetic monitoring, we con-
tinuously measured hemodynamic variables using a non-
invasive finger-cuff method (CNAP; CNSystems Mediz-
intechnik GmbH, Graz, Austria). The CNAP system was
calibrated to brachial arterial pressure obtained from the
system’s upper-arm cuff. The CNAP system provides
continuous arterial pressure values and waveforms. Using
pulse wave analysis, the CNAP system also estimates
advanced hemodynamic variables including cardiac output
and systemic vascular resistance. The CNAP system was
validated in several clinical studies showing that it reliably
estimates arterial pressure and cardiac output [21-25].

We recorded arterial pressure, heart rate, cardiac index,
stroke volume index, and systemic vascular resistance
index at the following time points (Fig. 1): before induc-
tion of general anesthesia, during preoxygenation, 45 s
after administration of sufentanil, 45 s after administra-
tion of propofol, 90 s after administration of rocuronium,
60 s after tracheal intubation, and 180 s after tracheal
intubation.

2.4 Statistical analysis

Data are presented as mean + standard deviation (SD)
for continuous variables and n (%) for categorical vari-
ables. Linear mixed effects models were used to estimate
change from baseline (i.e., before induction of anesthesia)
in various hemodynamic variables to 6 time points dur-
ing induction using an autoregressive (AR (1)) covariance
structure. The overall significance level was 0.05; Bonfer-
roni correction was used to control the type I error for 7
outcomes and 6 comparisons within each outcome, and
the significant level for each comparison was 0.0011 (i.e.,
alpha=0.05/7/6=0.0011).
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Fig. 1 Measurement time
points. We recorded hemo-
dynamic variables before
induction of general anesthesia,
during preoxygenation, 45 s
after administration of sufenta-
nil, 45 s after administration of
propofol, 90 s after administra-
tion of rocuronium, 60 s after
tracheal intubation, and 180 s
after tracheal intubation
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<=
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Table 1 Baseline characteristics

Factor n Total (n=92)

missing
Demographic
Age, years 0 36+13
Female, n (%) 0 55 (60)
Height, cm 0 172+9
Weight, kg 0 7417
Body mass index, kg*m? 0 25+5
ASA physical status class, n (%) 0
1 35 (38)
2 49 (53)
3 8(9)
Induction medication
Sufentanil (ug) 0 35+6
Propofol (mg) 0 187+39
Rocuronium (mg) 0 3748

Statistics presented as mean =+ standard deviation

ASA, American Society of Anesthesiologists

3 Results

We enrolled 125 patients but excluded 28 who were
given norepinephrine (14 patients) or additional doses of
propofol (14 patients) during the study period. We also
excluded 5 patients because of technical problems during
data recording. We thus included 92 patients in the final
analysis.

Participating patients were young, with a mean &+ SD
age of 36 + 13 years and relatively healthy with 91% hav-
ing ASA physical status class I or II (Table 1). General
anesthesia was induced with 35 +6 ug of sufentanil,
187 + 39 mg of propofol, and 37 + 8 mg of rocuronium.

time [seconds]

Hemodynamic variables at specified time points are
shown in Fig. 2 and Supplemental Table S1. Patients were
normotensive at baseline with mean arterial pressure being
96 + 13 mmHg. At baseline, heart rate was 72 + 13 bpm,
cardiac index was 3.2 + 0.6 L*min~'*m™2, stroke volume
index was 45+ 6 mL*m~2, and systemic vascular resist-
ance index was 2309 + 544 dyn*s*cm™>*m?.

After sufentanil administration, heart rate increased
from baseline by 11 (99.89% confidence interval: 7 to
16) bpm (P <0.001). As there was no clinically important
change in stroke volume index after sufentanil administra-
tion the increase in heart rate resulted in a slight increase
in cardiac index of 0.5 (0.3 to 0.7) L*min~'m™2. There was
no clinically important change in arterial pressure after
sufentanil administration.

After administration of propofol, mean arterial pres-
sure decreased by 23 (17 to 28) mmHg and systemic
vascular resistance index decreased by 565 (419 to 712)
dyn*s*cm™>*m? (P values <0.001). After propofol admin-
istration, mean arterial pressure was <65 mmHg in 27
patients (29%). Heart rate returned to baseline after admin-
istration of propofol, and stroke volume index and cardiac
index remained stable compared to baseline.

After administration of rocuronium, mean arterial
pressure, systemic vascular resistance index, and heart
rate all were below baseline values (P values <0.001),
but transiently increased to baseline levels after tracheal
intubation.

180 s after tracheal intubation, there were no clinically
important differences compared to baseline in heart rate,
stroke volume index, or cardiac index. However, arterial
pressure and systemic vascular resistance index remained
well below baseline. 180 s after tracheal intubation, mean
arterial pressure was 15 (10 to 20) mmHg lower than at
baseline and it was < 65 mmHg in 21 patients (23%).

@ Springer
6



344 Journal of Clinical Monitoring and Computing (2022) 36:341-347
Fig.2 Hemodynamic variables 200
during the induction of general
anesthesia. Boxplots showing 175 120 . *
mean (triangle) and median 15 . . ) . ! :
. . L] L4
(horizontal bar) with 25th—75th - : 100 .
. o —_
percentile (box) of hemody- T 125 3
namic variables during the £ 2
. . . % 100 & o0
induction of general anesthesia. g
Whiskers extend to the most 75
extreme observations within €0
1.5 times the interquartile range 50
of the first and third quartiles, 25 40
respectively. Circles represent
outliers. MAP mean arterial
pressure, SAP systolic arterial 200 ° . .
pressure, DAP diastolic arterial . . ° . . 70 . : . :
. ] .
pressure, SVRI systemic vascu- 175 . . . : : . .
lar resistance index, HR heart 150 s . i .
rate, SVI stroke volume index, ) T
CI cardiac index £ 2
o = 50
>
< 100 3 i Lo S
75
40
50
25 30 .
200 7 °
175 S ) : .
‘e . . . .
150 T 5 H
—~ £
5 £
Tz . 3 . 24 N
£ ° © - §
NG 3
2 100
a L]
] — 2
75 L ~Jd. REas
o o 05 80 e S
50 . B 0 S8 P P4 P P (Ot
FEF P 19028 1070 PSS P D
. & @0‘& »° & N N
25
.
4000 ° o H
sy ] : .
§ 3000
(2]
© 2500
€ ) ]
< 200 -
% 1500 L]
1000
500
e o O 88 e 0 &
PO R S S SN S S SN
I F P 6% 167 0% 9% O
\(\60 Q#Q b‘a&e PR PO DF N

Supplemental Figure S1 shows Spaghetti plots for indi-
vidual patients and Supplemental Figure S2 shows boxplots
of changes in hemodynamic variables over time.
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4 Discussion

In this prospective observational study, we sought to assess
the relative contribution of various hemodynamic mecha-
nisms to hypotension after induction of general anesthesia
with sufentanil, propofol, and rocuronium in adults having
non-cardiac surgery.

Heart rate and cardiac index increased after sufentanil
administration, but presumably not due to a pharmacological
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effect of sufentanil. Instead, the increases likely reflect
stress-induced sympathetic activation in anticipation of
anesthetic induction. Propofol caused a clinically important
reduction in arterial pressure. In addition, systemic vascu-
lar resistance index decreased significantly, by about 25%,
after propofol administration. Heart rate returned to baseline
after administration of propofol, and stroke volume index
and cardiac index remained stable compared to baseline.
Hypotension after propofol administration thus was linked
to a decrease in systemic vascular resistance. Rocuronium
administration had no additional clinically relevant effect on
cardiovascular dynamics.

A controversy remains about propofol-induced post-
induction hypotension. The main mechanisms proposed
are a decrease in myocardial contractility, venous dilation
with a decrease in venous return, and arterial dilation with
a decrease in systemic vascular resistance [18-20]. Experi-
mental and animal studies suggest that propofol reduces
myocardial contractility. For example, propofol directly
depresses myocardial contractility in isolated guinea pig
myocardial trabeculae [26] and isolated perfused guinea
pig hearts [27]. Propofol similarly reduces myocardial con-
tractility in anesthetized rabbits [28]. Propofol decreases
inotropy in anesthetized dogs, but also reduces arterial and
venous vascular tone [29]. In 23 major abdominal surgery
patients, propofol markedly decreased mean arterial pres-
sure, heart rate, and cardiac output [17]. We found that nei-
ther stroke volume index nor cardiac index were reduced
after propofol administration, suggesting that myocardial
contractility was hardly influenced. Venous dilation has been
proposed as a cause of propofol-induced hypotension [19,
30]. Venous dilation alone would reduce venous return to the
heart, causing stroke volume to decrease. Since we did not
observe a significant decrease in stroke volume index, propo-
fol-induced venous dilation in our study seems unlikely. Our
results thus suggest that propofol-induced post-induction
hypotension results from arterial dilation with reduced
systemic vascular resistance rather than venous dilation or
reduced myocardial contractility. Our results are consistent
with a previous small study which also reported decreased
afterload without a compensatory increase in heart rate or
cardiac output resulting in hypotension [31].

About a third of our patients had mean arterial pressures
<65 mmHg after propofol administration. While there is
strong evidence that intraoperative hypotension is associated
with postoperative organ failure and death [1-7] research
only recently focused on characterizing different phases of
intraoperative hypotension [9, 10]. For anesthesiologists it is
crucial to acknowledge that about a third of all intraoperative
hypotension occurs between anesthetic induction and surgi-
cal incision and that hypotension during this period appears
equally harmful as hypotension that occurs during surgery
[9]. Because post-induction hypotension is consequent to

anesthetic drugs, much of it is presumably preventable—and
probably should be prevented.

This reinforces the need to mitigate the potential car-
diovascular effects of induction of general anesthesia. Our
results indicate that post-induction hypotension results
largely from arterial dilation, and therefore that vasopres-
sors will generally be the most appropriate treatment. Which
vasopressor(s) might be best remains unclear as there are
sparse data related to the treatment or prophylaxis of post-
induction hypotension by using vasopressors. In a prelimi-
nary study, phenylephrine and norepinephrine boluses effec-
tively counteracted intraoperative hypotension caused by
propofol anesthesia [32]. Although logic suggests that fluid
loading may help prevent hypotension, pre-induction crys-
talloid loading does not prevent post-induction hypotension
[33, 34]. Colloid loading may somewhat be more effective,
but still fails to prevent much hypotension [35]. Vasopressors
thus appear to be a preferable clinical strategy.

In our study, induction agents were standardized, but
exact doses were not and remained at the discretion of the
attending anesthesiologist. Additionally, we used a non-inva-
sive finger-cuff method to assess advanced hemodynamic
variables. The non-invasive monitoring system we used is
well validated for the measurement of continuous blood
pressure [21-23] and cardiac output [24, 25]. It is there-
fore unlikely that our overall conclusions would differ with
invasive measurements. Further, we did not use echocardi-
ography that could have provided important information on
myocardial function. Our study was restricted to relatively
young healthy adults and may thus not be generalizable to
older and sicker patients, especially patients with cardiovas-
cular co-morbidities.

5 Conclusions

In patients having non-cardiac surgery, anesthetic induction
with sufentanil, propofol, and rocuronium was associated with
a clinically important (and statistically significant) reduction
in arterial pressure and systemic vascular resistance index.
Heart rate and stroke volume index, and therefore cardiac
index, basically remained stable during anesthetic induction.
Post-induction hypotension therefore appears to result from
arterial dilation with reduced systemic vascular resistance
rather than venous dilation or reduced myocardial contractil-
ity. Future research should evaluate strategies for early detec-
tion and avoidance of post-induction hypotension, especially

the (preemptive) use of vasopressors.
Supplementary Information The online version of this article (https://
doi.org/10.1007/s10877-021-00653-9) contains supplementary mate-
rial, which is available to authorized users.

@ Springer
8


https://doi.org/10.1007/s10877-021-00653-9
https://doi.org/10.1007/s10877-021-00653-9

346

Journal of Clinical Monitoring and Computing (2022) 36:341-347

Author contributions BS conceived and designed the study, was
responsible for data analysis and interpretation, drafted the manuscript,
performed the statistical analyses, supervised the study. E-JB was
responsible for acquisition of data, was responsible for data analysis
and interpretation, critically revised the manuscript for important intel-
lectual content. LB was responsible for data analysis and interpretation,
critically revised the manuscript for important intellectual content. PH
was responsible for data analysis and interpretation, critically revised
the manuscript for important intellectual content. GG was responsible
for data analysis and interpretation, critically revised the manuscript
for important intellectual content. DY was responsible for data analy-
sis and interpretation, performed the statistical analyses, drafted the
manuscript. CM was responsible for data analysis and interpretation,
performed the statistical analyses, critically revised the manuscript for
important intellectual content. EJM was responsible for data analysis
and interpretation, performed the statistical analyses, critically revised
the manuscript for important intellectual content. DIS was responsi-
ble for data interpretation, drafted the manuscript. DER conceived
and designed the study, was responsible for acquisition of data, was
responsible for data analysis and interpretation, drafted the manuscript.
All authors read and approved the final version of the manuscript and
agreed to be accountable for all aspects of the work.

Funding Open Access funding enabled and organized by Projekt
DEAL. CNSystems Medizintechnik GmbH (Graz, Austria) provided
the technical equipment for the study. CNSystems was not involved in
the collection of the data, drafting of the manuscript, or the decision
to submit the manuscript for publication.

Data availability Department of Anesthesiology, Center of Anes-
thesiology and Intensive Care Medicine, University Medical Center
Hamburg-Eppendorf, Martinistrasse 52, 20246 Hamburg, Germany.

Compliance with ethical standards

Conflict of interest Bernd Saugel has received institutional restricted
research grants, honoraria for giving lectures, and refunds of travel
expenses from CNSystems Medizintechnik GmbH (Graz, Austria).
Bernd Saugel has received honoraria for consulting, honoraria for giv-
ing lectures, and refunds of travel expenses from Edwards Lifesciences
Inc. (Irvine, CA, USA). Bernd Saugel has received honoraria for con-
sulting, institutional restricted research grants, honoraria for giving
lectures, and refunds of travel expenses from Pulsion Medical Systems
SE (Feldkirchen, Germany). Bernd Saugel has received institutional
restricted research grants from Retia Medical LLC. (Valhalla, NY,
USA). Bernd Saugel has received honoraria for giving lectures from
Philips Medizin Systeme Boblingen GmbH (Boblingen, Germany).
Bernd Saugel has received honoraria for consulting, institutional re-
stricted research grants, and refunds of travel expenses from Tensys
Medical Inc. (San Diego, CA, USA). Daniel I. Sessler is a consultant
for Edwards Lifesciences Inc and Sensifree (Cupertino, CA, USA).
The Department of Outcomes Research conducts research funded by
Edwards Lifesciences Inc.. All other authors have no conflicts of inter-
est.

Consent to participate All patients provided written informed consent.

Consent to publish All patients signed informed consent regarding
publishing their data.

Ethical approval The study was approved by the Ethics Committee of

the Medical Association of Hamburg, Hamburg, Germany (Chairper-
son Prof. R. Stahl) on January 9, 2018.

@ Springer

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sessler DI, Khanna AK. Perioperative myocardial injury
and the contribution of hypotension. Intensive Care Med.
2018;44:811-22.

2. Walsh M, Devereaux PJ, Garg AX, Kurz A, Turan A, Rodseth
RN, Cywinski J, Thabane L, Sessler DI. Relationship between
intraoperative mean arterial pressure and clinical outcomes after
noncardiac surgery: toward an empirical definition of hypotension.
Anesthesiology. 2013;119:507-15.

3. Sun LY, Wijeysundera DN, Tait GA, Beattie WS. Association of
intraoperative hypotension with acute kidney injury after elective
noncardiac surgery. Anesthesiology. 2015;123:515-23.

4. Salmasi V, Maheshwari K, Yang D, Mascha EJ, Singh A, Sessler
DI, Kurz A. Relationship between intraoperative hypotension,
defined by either reduction from baseline or absolute thresholds,
and acute kidney and myocardial injury after noncardiac surgery:
a retrospective cohort analysis. Anesthesiology. 2017;126:47-65.

5. Mascha EJ, Yang D, Weiss S, Sessler DI. Intraoperative mean
arterial pressure variability and 30-day mortality in patients hav-
ing noncardiac surgery. Anesthesiology. 2015;123:79-91.

6. Monk TG, Bronsert MR, Henderson WG, Mangione MP, Sum-
Ping ST, Bentt DR, Nguyen JD, Richman JS, Meguid RA, Ham-
mermeister KE. Association between intraoperative hypotension
and hypertension and 30-day postoperative mortality in noncar-
diac surgery. Anesthesiology. 2015;123:307-19.

7. Stapelfeldt WH, Yuan H, Dryden JK, Strehl KE, Cywinski JB,
Ehrenfeld JM, Bromley P. The SLUScore: a novel method for
detecting hazardous hypotension in adult patients undergoing non-
cardiac surgical procedures. Anesth Analg. 2017;124:1135-52.

8. Sessler DI, Bloomstone JA, Aronson S, Berry C, Gan TJ, Kellum
JA, Plumb J, Mythen MG, Grocott MPW, Edwards MR, Miller
TE. Perioperative Quality Initiative consensus statement on intra-
operative blood pressure, risk and outcomes for elective surgery.
BrJ Anaesth. 2019;122:563-74.

9. Maheshwari K, Turan A, Mao G, Yang D, Niazi AK, Agarwal D,
Sessler DI, Kurz A. The association of hypotension during non-
cardiac surgery, before and after skin incision, with postoperative
acute kidney injury: a retrospective cohort analysis. Anaesthesia.
2018;73:1223-8.

10. Sudfeld S, Brechnitz S, Wagner JY, Reese PC, Pinnschmidt HO,
Reuter DA, Saugel B. Post-induction hypotension and early intra-
operative hypotension associated with general anaesthesia. BrJ
Anaesth. 2017;119:57-64.

11. Reich DL, Hossain S, Krol M, Baez B, Patel P, Bernstein A,
Bodian CA. Predictors of hypotension after induction of general
anesthesia. Anesth Analg. 2005;101:622-8.

12. Wierda JM, Schuringa M, van den Broek L. Cardiovascu-
lar effects of an intubating dose of rocuronium 06 mg kg-1 in


http://creativecommons.org/licenses/by/4.0/

Journal of Clinical Monitoring and Computing (2022) 36:341-347

347

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

anaesthetized patients, paralysed with vecuronium. Br J Anaesth.
1997;78:586-17.

. Billard V, Moulla F, Bourgain JL, Megnigbeto A, Stanski DR.

Hemodynamic response to induction and intubation Propofol/
fentanyl interaction. Anesthesiology. 1994;81:1384-93.

Larsen R, Rathgeber J, Bagdahn A, Lange H, Rieke H. Effects
of propofol on cardiovascular dynamics and coronary blood flow
in geriatric patients. A comparison with etomidate. Anaesthesia.
1988;43(Suppl):25-31.

Haessler R, Madler C, Klasing S, Schwender D, Peter K. Propofol/
fentanyl versus etomidate/fentanyl for the induction of anesthesia
in patients with aortic insufficiency and coronary artery disease.
J Cardiothorac Vasc Anesth. 1992;6:173-80.

Singh R, Choudhury M, Kapoor PM, Kiran U. A randomized trial
of anesthetic induction agents in patients with coronary artery
disease and left ventricular dysfunction. Ann Card Anaesth.
2010;13:217-23.

Moller Petrun A, Kamenik M. Bispectral index-guided induction
of general anaesthesia in patients undergoing major abdominal
surgery using propofol or etomidate: a double-blind, randomized,
clinical trial. Br J Anaesth. 2013;110:388-96.

Goodchild CS, Serrao JM. Propofol-induced cardiovascular
depression: science and art. BrJ Anaesth. 2015;115:641-2.
Green DW. Cardiac output decrease and propofol: what is the
mechanism? Br J Anaesth. 2015;114:163—4.

Kakazu CZ, Lippmann M. Playing with fire: debate about propo-
fol-induced hypotension. Br J Anaesth. 2015;114:164-5.
Jeleazcov C, Krajinovic L, Munster T, Birkholz T, Fried R,
Schuttler J, Fechner J. Precision and accuracy of a new device
(CNAPTM) for continuous non-invasive arterial pressure moni-
toring: assessment during general anaesthesia. Br J Anaesth.
2010;105:264-72.

Wagner JY, Negulescu I, Schofthaler M, Hapfelmeier A, Meidert
AS, Huber W, Schmid RM, Saugel B. Continuous noninvasive
arterial pressure measurement using the volume clamp method:
an evaluation of the CNAP device in intensive care unit patients.
J Clin Monit Comput. 2015;29:807-13.

Smolle KH, Schmid M, Prettenthaler H, Weger C. The Accu-
racy of the CNAP(R) device compared with invasive radial artery
measurements for providing continuous noninvasive arterial blood
pressure readings at a medical intensive care unit: a method-com-
parison study. Anesth Analg. 2015;121:1508-16.

Wagner JY, Grond J, Fortin J, Negulescu I, Schofthaler M, Saugel
B. Continuous noninvasive cardiac output determination using the
CNAP system: evaluation of a cardiac output algorithm for the
analysis of volume clamp method-derived pulse contour. J Clin
Monit Comput. 2016;30:487-93.

Wagner JY, Korner A, Schulte-Uentrop L, Kubik M,
Reichenspurner H, Kluge S, Reuter DA, Saugel B. A comparison

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

of volume clamp method-based continuous noninvasive cardiac
output (CNCO) measurement versus intermittent pulmonary
artery thermodilution in postoperative cardiothoracic surgery
patients. J Clin Monit Comput. 2018;32:235-44.

van Klarenbosch J, Stienen GJ, de Ruijter W, Scheffer GJ, de
Lange JJ. The differential effect of propofol on contractility of
isolated myocardial trabeculae of rat and guinea-pig. Br J Phar-
macol. 2001;132:742-8.

Stowe DF, Bosnjak ZJ, Kampine JP. Comparison of etomidate,
ketamine, midazolam, propofol, and thiopental on function and
metabolism of isolated hearts. Anesth Analg. 1992;74:547-58.
Royse CF, Liew DF, Wright CE, Royse AG, Angus JA. Persis-
tent depression of contractility and vasodilation with propofol
but not with sevoflurane or desflurane in rabbits. Anesthesiology.
2008;108:87-93.

Pagel PS, Warltier DC. Negative inotropic effects of propofol
as evaluated by the regional preload recruitable stroke work
relationship in chronically instrumented dogs. Anesthesiology.
1993;78:100-8.

Muzi M, Berens RA, Kampine JP, Ebert TJ. Venodilation contrib-
utes to propofol-mediated hypotension in humans. Anesth Analg.
1992;74:877-83.

Claeys MA, Gepts E, Camu F. Haemodynamic changes during
anaesthesia induced and maintained with propofol. Br J Anaesth.
1988;60:3-9.

Vallee F, Passouant O, Le Gall A, Joachim J, Mateo J, Mebazaa
A, Gayat E. Norepinephrine reduces arterial compliance less than
phenylephrine when treating general anesthesia-induced arterial
hypotension. Acta Anaesthesiol Scand. 2017;61:590-600.
Turner RJ, Gatt SP, Kam PC, Ramzan I, Daley M. Administration
of a crystalloid fluid preload does not prevent the decrease in arte-
rial blood pressure after induction of anaesthesia with propofol
and fentanyl. Br J Anaesth. 1998;80:737-41.

Khan Al, Fischer M, Pedoto AC, Seier K, Tan KS, Dalbagni G,
Donat SM, Arslan-Carlon V. The impact of fluid optimisation
before induction of anaesthesia on hypotension after induction.
Anaesthesia. 2020;75:634—41.

Juri T, Suehiro K, Kuwata S, Tsujimoto S, Mukai A, Tanaka K,
Yamada T, Mori T, Nishikawa K. Hydroxyethyl starch 130/0.4
versus crystalloid co-loading during general anesthesia induction:
a randomized controlled trial. J Anesth. 2017;31:878-84.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer
10



2 Introduction

Intraoperative hypotension (IOH) is common. A 2007 review lists 140 different definitions
of IOH in the literature searched, thus incidences range from 5% to 99% (Bijker et al., 2007).
Studies show an association between IOH and myocardial injury (Sessler and Khanna, 2018,
van Waes et al., 2016, Walsh et al., 2013), acute kidney injury (Maheshwari et al., 2018b,
Sun et al., 2015, Walsh et al., 2013), and death (Monk et al., 2015). In its 2019 consensus
paper, The PeriOperative Quality Initiative indicated that even brief episodes of low arterial

blood pressure (BP) are harmful (Sessler et al., 2019).

2.1  Approach of the study

It has been shown that approximately one third of all IOH happens before incision, and is
thus understood to be related to the anesthesiologic procedure (Maheshwari et al., 2018b).
Whether a decrease in myocardial contractility, venous dilation with decreased return flow,
or arterial dilation with reduced systemic vascular resistance (SVR) represents the primary
mechanism leading to hypotension after anesthetic induction has not been fully clarified
(Goodchild and Serrao, 2015, Green, 2015, Kakazu and Lippmann, 2015). A detailed under-
standing of the pathophysiology is desirable, as it could further tailor anesthesiologic man-
agement and potentially reduce the incidence of IOH. By using advanced hemodynamic
monitoring during induction of general anesthesia, our study was designed to help estimate
the relative contribution of predefined hemodynamic variables to the development of hypo-
tension after induction of anesthesia. Heart rate (HR), systolic, diastolic, and mean arterial
blood pressure (SAP, DAP, MAP), cardiac index, stroke volume index (SVI), and systemic
vascular resistance index (SVRI) were continuously recorded. For the continuous, noninva-
sive collection of these variables, we used the CNAP® (continuous noninvasive blood pres-
sure) system, provided by CNSystems Medizintechnik GmbH (Graz, Austria). The follow-
ing section is intended to provide an overview of the CNAP system and some of the gener-

ated hemodynamic variables that exceed basic hemodynamic monitoring.

2.2 Basic hemodynamic monitoring

Basic hemodynamic monitoring includes the electrocardiogram, noninvasive measurement
of BP, and peripheral oxygen saturation measured by pulse oximetry. Variables are collected
either continuously or intermittently. Basic hemodynamic monitoring serves the purpose of

detecting instabilities of the cardiovascular system (Rex, 2010).
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However, it does not allow for accurate assessment of abnormalities of other variables, such
as altered volume status or changes in cardiac output (CO) (Janssens et al., 2016). These
variables can potentially provide information on the underlying mechanisms resulting in he-
modynamic instability, and are assessed using advanced hemodynamic monitoring (Rex,

2010).

2.3 Advanced hemodynamic monitoring

Advanced hemodynamic monitoring allows for more accurate monitoring of the cardi-
orespiratory system, and is a common tool to assess critically ill patients (Janssens et al.,
2016). Variables can be collected invasively, minimally-invasively, and noninvasively
(Kaufmann et al., 2020), the latter including the finger-cuff method (Saugel et al., 2021)
used in our study. Hemodynamically unstable, i.e., hypotensive, tachycardic, or clinically
hypoperfused patients, require goal-directed diagnostics and, ideally, causal therapy, target-
ing optimized tissue, and organ perfusion (Janssens et al., 2016). Knowledge of the hemo-
dynamic disorder’s origin helps to select therapeutic paths and monitor their effects (Teboul
et al., 2016). Advanced hemodynamic monitoring allows for the assessment of preload, af-
terload, and contractility, all determinants of CO (Janssens, 2000). CO, in turn, can be inter-
preted as the primary determinant of oxygen delivery (Saugel et al., 2017), and is thus of
vital importance in therapeutic decision making. Changes in CO can reflect macrocirculatory
disorders, such as hypovolemia, myocardial dysfunction, or altered vascular tone (Teboul et
al., 2016). Specifically, CO represents the blood volume pumped by the left ventricle within
one minute (Janssens et al., 2016). Other advanced hemodynamic variables are cardiac in-
dex, SVI, and SVRI, all monitored in our study. The cardiac index represents CO in relation
to the body surface area in m?. The SVI represents stroke volume (SV), i.e., the volume
pumped out of the left ventricle per heartbeat, in relation to the body surface area in m2. The
SVRI represents SVR in relation to the body surface area in m? (Janssens: 2000). SVR is
calculated by subtracting central venous pressure from MAP and then dividing the value by
CO, following Ohm’s law (Grissmer, 2021). In the clinical setting, SVRI is understood as a
surrogate for cardiac afterload (Anetsberger and Jungwirth, 2015), i.e., the cardiac wall ten-
sion required to overcome end-diastolic aortic and pulmonary pressure (Koster and Hamm,

2018).
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2.4 CNAP system

The CNAP system provides BP measurement based on the volume clamp method (Saugel
et al., 2014) and uses pulse wave analysis (PWA) to estimate CO (Saugel et al., 2021). The
arterial blood pressure waveform (see Fig. 1) is therefore mathematically analyzed by PWA

to estimate CO (Kouz et al., 2021).

Figure 1: Arterial blood pressure waveform
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The arterial blood pressure waveform represents changing arterial pressure within a cardiac cycle. It shows SAP, DAP and
MAP, as well as pulse pressure, i.c., the difference between SAP and DAP. The dicrotic notch represents the aortic valve
closure at the end of systole. The waveform is determined by left ventricular SV, aortic compliance, and SVR, and changes
in the determinants each lead to changes in the waveform (Saugel et al., 2021).

The CNAP system consists of an upper arm cuff performing a noninvasive oscillometric BP
measurement over the brachial artery (Saugel et al., 2014). The oscillometric measurement
is performed by inflating the cuff to above the patient’s SAP. When pressure is released,
arterial vascular wall oscillations at the cuff become measurable. MAP is represented by the
cuff pressure at which the highest pulsation amplitude is measured (Kuck and Baker, 2018,
Schroder, 2016). The system further consists of a two-finger sensor placed on the index and
ring finger. The finger sensor is connected to a CNAP controller attached to the patient’s
forearm. Values measured by the finger sensor are calibrated to brachial BP (Saugel et al.,
2014). The underlying method was initially described by Penaz and colleagues (Penaz et al.,
1976) and will only be briefly discussed here. The finger sensor holds an inflatable cuff as
well as an infrared plethysmograph measuring the blood volume of the finger arteries (see
Fig. 2). The blood volume in the finger arteries changes according to the changing BP within

a cardiac cycle. By applying constant counterpressure, the inflatable cuff inside the finger
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sensor keeps the blood volume in the finger arteries and therefore their diameter constant
during the pressure pulse; in other words, a constant volume is “clamped”. This is achieved
by an integrated, automated feedback system that rapidly inflates or deflates the cuff. Based
on the required back pressure needed to keep a constant volume in the finger arteries, the
arterial BP waveform can be reconstructed indirectly. Thus, by means of PWA, CO can be
estimated (Kuck and Baker, 2018, Saugel et al., 2021). As a noninvasive instrument, the
CNAP system is easy to handle, has few side effects, and allows for the collection of ad-

vanced hemodynamic variables in real time.

Figure 2: The volume clamp method
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Exemplary presentation of the volume clamp method: A: Inflatable cuff around the patient’s finger. B: Infrared plethysmo-
graph within the cuff. C: Artery of the finger. D: Light detector within the sensor to measure absorbed light, i.e., monitor
change in blood volume. E: Automated feedback system for adjustment of back pressure on the artery for constant diameter.
F: Pressure required to keep a constant diameter. G: Indirect reconstruction of the arterial waveform. (Saugel et al., 2014).

3  Methods

3.1 Study design

After receiving approval by the Ethics Committee of the Hamburg Medical Association in
January 2018, we conducted this prospective observational study in the Department of An-
esthesiology and Intensive Care Medicine at the University Medical Center Hamburg-Ep-
pendorf between April and August 2018, adhering to the STROBE guidelines (Saugel et al.,
2022).

3.2 Inclusion and exclusion criteria

Inclusion criteria were met by adults with American Society of Anesthesiologists (ASA)
physical status I-I1I. We included patients who were scheduled for elective gynecologic, oral
and maxillofacial, otolaryngologic or urologic surgery under general anesthesia with tracheal
intubation. Patients showing signs of heart failure (New York Heart Association Functional
Classification class II or higher), atrial fibrillation, or other high-grade cardiac arrythmias
were excluded from the study. Peripheral artery occlusive disease (Fontaine stage II or
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higher), edema of hands or fingers, and the use of beta blockers also led to exclusion. With
a history or suspicion of difficult airway, an indication for rapid sequence induction, or re-
gional anesthesia performed before induction of general anesthesia, patients had to be ex-

cluded from the study as well (Saugel et al., 2022).

3.3 Study protocol and measurements

There was no premedication given. Preoxygenation was performed with a sealed face mask
at a positive end-expiratory pressure of 5 mbar. For induction of general anesthesia, 0.2-0.5
ug*kg! sufentanil, 1.5-2.5 mg*kg™! propofol, and 0.5-0.9 mg*kg ! rocuronium were admin-
istered. Patients were intubated and mechanically ventilated with a tidal volume of 6-8
mL*kg! at a positive end-expiratory pressure of 5 mbar. General anesthesia was either main-
tained by propofol or inhaled sevoflurane. Routine anesthetic monitoring was present. Ad-
ditionally, hemodynamic variables were continuously collected using a noninvasive finger-
cuff method (CNAP, CNSystems Medizintechnik GmbH, Graz, Austria). The CNAP system
was calibrated to brachial BP measured by the system’s upper arm cuff. Continuous BP
values and waveforms as well as advanced hemodynamic variables such as CO and SVR are
provided by the CNAP system, the latter two estimated using PWA. Several clinical studies
show reliable estimates of BP and CO by the CNAP system, validating the technique
(Jeleazcov et al., 2010, Smolle et al., 2015, Wagner et al., 2016). BP, HR, cardiac index,
SVI, and SVRI were measured at predefined time points (see Fig.3): before induction of
general anesthesia, during preoxygenation, 45 s after application of sufentanil, 45 s after
application of propofol, 90 s after application of rocuronium, 60 s, and 180 s after tracheal

intubation (Saugel et al., 2022).

Figure 3: Collection of hemodynamic variables: timepoints
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Predefined hemodynamic variables were collected at 6 different time points using the CNAP system (Saugel et al., 2022).
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3.4 Statistical analysis

Categorial variables are listed as n (%) and continuous variables as mean =+ standard devia-
tion (SD). To assess change from baseline (i.e., patients’ hemodynamic state before general
anesthesia was induced) in several hemodynamic variables to 6 predefined time points dur-
ing anesthetic induction, we applied linear mixed effect models using an autoregressive co-
variance structure. The level of overall significance was 0.05. We used Bonferroni correction
to control the type I error for 7 outcomes and 6 comparisons within each outcome. The sig-
nificance level for each comparison was 0.0011 (i.e., alpha 0.05/7/6) = 0.0011) (Saugel et
al., 2022).

4 Results

Between April and August 2018, we collected data from 125 patients. 33 had to be excluded
due to technical problems during measurement, or additional doses of epinephrine or
propofol during induction of general anesthesia. In the end, we included 92 patients, most of
whom were young, with a mean + SD age of 36 + 13 years, and with 91% having ASA
physical status I or II. To induce general anesthesia, 35 + 6 pg sufentanil, 187 + 39 mg
propofol, and 37 £ 8§ mg rocuronium were administered. Patients presented with a normo-
tensive baseline, MAP being 96 + 13 mmHg. At baseline, HR was 72 £+ 13 bpm, cardiac
index was 3.2 £ 0.6 L*min'*m2, SVI was 45 £ 6 mL*m™, and SVRI was 2309 + 544
dyn*s*cm™>*m?. After application of sufentanil, HR increased from baseline by 11 (99.89%
confidence interval (CI): 7 to 16) bpm (P <0.001). There was no clinically important change
in SVI after sufentanil administration, thus the increase in HR resulted in a slight increase in
cardiac index of 0.5 (C1 0.3 to 0.7) L*min'm. No clinically relevant change in BP was seen
after sufentanil was given. After application of propofol, MAP decreased by 23 (CI 17 to
28) mmHg and was <65 mmHg in 27 patients (29%). SVRI decreased by 565 (CI 419 to
712) dyn*s*cm™>*m? (P values <0.001). HR returned to baseline after application of
propofol, while SVI and cardiac index remained stable compared to baseline. After applica-
tion of rocuronium, MAP, SVRI, and HR all remained below baseline values (all P values
<0.001). During intubation, the values temporarily increased to baseline levels. 180 seconds
after tracheal intubation, no clinically relevant differences compared to baseline in HR, SVI,
or cardiac index were noted. However, BP and SVRI stayed below baseline. At this time
point, MAP was 15 (CI 10 to 20) mmHg below baseline, and it was <65 mmHg in 21 patients
(23%) (Saugel et al., 2022).
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S Discussion

This prospective observational study was designed to help estimate the relative contribution
of predefined hemodynamic variables to the development of hypotension after induction of
general anesthesia with sufentanil, propofol, and rocuronium. To collect variables, we used
the CNAP system, which allows for noninvasive continuous BP measurement based on the
volume clamp method and estimation of CO by PWA. We observed a clinically significant
decrease in BP and SVRI after administration of propofol with concomitant stable HR, SVI,
and cardiac index, i.e., stable CO in relation to the body surface area in m2. Our results
suggest that hypotension after propofol administration during induction of general anesthesia

occurs due to arterial dilation with decreased SVRI.

5.1 Discussion of results

Hypotension and decreased SVR following propofol administration are well known
(Fairfield et al., 1991, Pensado et al., 1993, Larsen et al., 1988) and shown in our study.
Discussed pathomechanisms leading to hypotension after propofol administration include a
decrease in SVR as well as reduced myocardial contractility (Green, 2015). A reduction in
contractility after propofol administration has been demonstrated in isolated guinea pig my-
ocardial trabeculae (Klarenbosch et al., 2001). In our study, we understood stable SVI and
cardiac index after propofol administration as a sign of unimpaired myocardial contractility.
With regard to significantly reduced SVRI, we interpreted arterial dilation with reduced SVR
as the probable cause of hypotension after propofol administration (Saugel et al., 2022). Our
findings match the results of an observational study in which variables were invasively col-
lected during elective hip surgery. 10 patients were administered propofol for induction and
maintenance of anesthesia. A decrease in SVR and BP was observed while HR, SV, and CO
remained stable. The authors concluded that hypotension after propofol administration oc-
curred mainly due to reduced cardiac afterload without a responding increase in HR or CO
(Claeys et al., 1988). A contribution of arterial and venous vasculature to hypotension and
change in SVR after propofol administration is also discussed (Green, 2015, de Wit et al.,
2016). In our study, patients did not show significant change in SVI after propofol admin-
istration. We concluded that hypotension with decreased SVRI was not likely caused by
venous dilation, which would have resulted in reduced venous return and consequently re-
duced SV (Saugel et al., 2022). In contrast to our observations, results from many years ago
demonstrate venous dilation with increased venous capacity as a cause for hypotension after

propofol administration. Studies investigated the effect of propofol on isolated venous and
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arterial rat vessels (Bentley et al., 1989) and observed cardiovascular effects in dogs, in
which influences of the autonomic nervous system had been eliminated before propofol ad-
ministration (Goodchild and Serrao, 1989). The results showed no effect on the arterial vas-
cular system (Goodchild and Serrao, 2015). Venous dilation was also demonstrated in 36
patients’ forearms during general anesthesia induced with propofol, reinforcing the hypoth-
esis that the venous vasculature takes a role in the development of hypotension after propofol
administration (Muzi et al., 1992). Recent work shows ongoing research concerning the ve-
nous system. Variables were invasively collected in 15 patients during induction of general
anesthesia with propofol. The authors demonstrated a decrease in mean systemic filling pres-
sure (MSFP) as a possible cause of decreased return flow to the right heart (Zucker et al.,
2022). MSFP is the prevailing adapted pressure in all blood vessels in the absence of blood
flow during asystole (Ehmke, 2019). Its measurability has been described in ventilated pa-
tients (Maas et al., 2009) and MSFP is understood to be a good indicator of pressure in the
venous system (Zucker et al., 2022). A previous study had focused on the effect of propofol
on intravascular volume and capacity for the first time. In addition to other invasively col-
lected variables, MSFP was observed in 17 patients who had undergone major thoracoab-
dominal surgery. After surgery, general anesthesia was maintained by propofol, and patients
were administered 3 different dosages of propofol. Results showed a decrease in MAP with
increasing propofol dosages with little change in CO, consistent with the results observed in
our study. In addition, a decrease in MSFP, as well as decreased venous and SVR, were
shown with increasing propofol dosages (de Wit et al., 2016). The influence of propofol on
CO seems not to have been conclusively determined (de Wit et al., 2016). Observations show
both reduced (Fairfield et al., 1991, Kakazu and Lippmann, 2015, Larsen et al., 1988, Moller
Petrun and Kamenik, 2013) and stable (Claeys et al., 1988, Pensado et al., 1993, de Wit et
al., 2016) CO, as also observed by us.

5.2 Limitations of our study

The question to be explored in this study aimed at general hemodynamic considerations.
Inclusion and exclusion criteria did not explicitly aim for a young and relatively healthy
cohort. It can be argued that studying a patient population like ours and thus initially consid-
ering the presumed physiological state of the cardiovascular system seems reasonable. How-
ever, it may not be possible to apply our observations to older and more impaired patients.
It should be noted that with 92 patients, we observed a small cohort in a single-center study.

For comparability of results, general anesthesia was induced using sufentanil, propofol, and
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rocuronium followed by tracheal intubation. Our protocol provided a dosage frame accord-
ing to the Standard Operating Procedure of the Department of Anesthesiology. Within this
frame, individual dosages were at the physicians’ discretion. Individual patient needs justify
this approach. We did not use methods to objectively monitor the depth of anesthesia, such
as bispectral index monitoring. The method provides thresholds below which unconscious-
ness is highly probable (Johansen, 2006). The non-strictly standardized administration of
anesthetic medication and the shortage of objectification of depth of anesthesia must be con-
sidered when assessing the generalizability of our observations. We used the CNAP system
to noninvasively collect variables. The system is easy to handle, has few side effects, and
provides advanced hemodynamic variables in real time. To our knowledge, there are no
CNAP validation studies on the collection of SVI and SVRI. Induction of general anesthesia
is often accompanied by rapid changes in BP (Gayat et al., 2013). An observational study
comparing intraarterial BP measurement with data obtained by the CNAP system demon-
strated delayed detection of maximum and minimum BP values during induction of anesthe-
sia and intubation by the CNAP system (Gayat et al., 2013). This is contradicted by results
of an earlier study, which showed that the CNAP system detected rapid changes in BP as
reliably as intraarterial BP measurement (Jeleazcov et al., 2010). We did not use methods to
assess myocardial contractility, in contrast to other authors who chose transthoracic echo-
cardiography to assess cardiac performance after induction of general anesthesia (Yang et
al., 2014). We also did not use methods to assess the venous vasculature. This could have
contributed to a more detailed consideration of the discussed pathomechanisms of hypoten-
sion after induction of anesthesia. Other authors who also collected hemodynamic variables
after propofol administration used intraarterial BP measurement as well as a central venous

line combined with a pressure transducer (de Wit et al., 2016).

5.3  Outlook

IOH is common. It is associated with severe organ damage (Sessler and Khanna, 2018,
Walsh et al., 2013), and is an important focus of research. Attempts have been made to cat-
egorize IOH and identify risk factors as well as future scientific assignments (Siidfeld et al.,
2017, Maheshwari et al., 2018b). Even brief episodes seem harmful (Sessler et al., 2019),
thus strategies for patient care seem obvious: prevention and early detection of IOH, as well
as adequate and rapid therapy to shorten the time spent in IOH. Knowledge of predisposing
factors of IOH may influence the choice of anesthetic procedure. Thus, identification of risk

factors, as done by retrospective data analysis (Reich et al., 2005), seems useful. It has been
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demonstrated that the use of noninvasive continuous monitoring reduces the time spent in
hypotension, as well as its extent in patients. A study compared oscillometric intermittent
BP measurement with noninvasive continuous BP measurement using the volume clamp
method in 316 patients. The authors attributed their results to a more rapid detection of a
decrease in BP with continuous measurement (Maheshwari et al., 2018a). This clearly shows
how the use of noninvasive monitoring systems could complement perioperative basic mon-
itoring and contribute to the reduction of IOH. Patients with no indication for invasive mon-
itoring may nevertheless be at risk for IOH. The use of noninvasive continuous monitoring
systems would allow for a better assessment of underlying causes of IOH and a more targeted

selection of the appropriate therapy, in addition to reducing the time spent in hypotension.

6 Conclusion

Induction of general anesthesia with sufentanil, propofol and rocuronium resulted in a clin-
ically relevant (and statistically significant) decrease in BP and SVRI in patients undergoing
non-cardiac surgery, while HR, SVI, and consequently cardiac index, remained stable. Hy-
potension after induction of anesthesia thus appears to occur because of arterial dilation with
reduced SVR rather than venous dilation or a decrease in myocardial contractility. Future
research should investigate strategies of early detection and prevention of hypotension sec-

ondary to anesthetic induction (Saugel et al., 2022).
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7 List of abbreviations

ASA
BP

CI
CNAP
CcO
DAP
HR
IOH

MAP
MSFP
PWA
SAP

SD
STROBE

SV
SVI
SVR
SVRI

American Society of Anesthesiologists
Arterial blood pressure

Confidence interval

Continuous noninvasive blood pressure
Cardiac output

Diastolic arterial pressure

Heart rate

Intraoperative hypotension
Intraoperative Hypotonie

Mean arterial pressure

Mean systemic filling pressure

Pulse wave analysis

Systolic arterial pressure

Standard deviation

Strengthening The Reporting of Observa-
tional Studies

Stroke volume

Stroke volume index

Systemic vascular resistance

Systemic vascular resistance index

Systemischer vaskulirer Widerstandsindex
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8 List of figures

Figure 1: Arterial blood pressure waveform
Figure 2: The volume clamp method

Figure 3: Collection of hemodynamic variables: timepoints
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10 Summary/Zusammenfassung

IOH is common and about one third of it happens between anesthetic induction and the be-
ginning of surgery. Our study was designed to help estimate the relative contribution of pre-
defined hemodynamic variables to the development of hypotension after induction of gen-
eral anesthesia with sufentanil, propofol, and rocuronium. We continuously collected ad-
vanced hemodynamic variables during anesthetic induction using the CNAP system, which
allows for noninvasive continuous BP measurement based on the volume clamp method and
estimation of CO by PWA. We observed a clinically significant decrease in BP as well as
SVRI after administration of propofol with concomitant stable HR, SVI, and cardiac index.
Our results suggest that hypotension after propofol administration during induction of gen-
eral anesthesia occurs due to arterial dilation with decreased SVRI rather than venous dila-
tion or a decrease in myocardial contractility. Future research should investigate strategies

of early detection and prevention of hypotension secondary to anesthetic induction.

Die intraoperative Hypotonie (IOH) ist hdufig und tritt in etwa einem Drittel der Fille zwi-
schen der Narkoseeinleitung und dem Beginn der Operation auf. Unsere Studie sollte dazu
beitragen, den relativen Beitrag vordefinierter himodynamischer Parameter zur Entwick-
lung einer Hypotonie nach Einleitung einer Allgemeinanésthesie mit Sufentanil, Propofol
und Rocuronium abzuschitzen. Wir erhoben wihrend der Narkoseeinleitung kontinuierlich
erweiterte hdmodynamische Parameter mit dem CNAP-System, das eine nichtinvasive, kon-
tinuierliche Blutdruckmessung auf der Grundlage der Volume Clamp Methode und eine
Schitzung des Herzzeitvolumens durch Pulskonturanalyse ermdglicht. Wir beobachteten ei-
nen klinisch signifikanten Abfall des Blutdrucks sowie des systemischen vaskuldren Wider-
standsindex (SVRI) nach Verabreichung von Propofol bei gleichzeitig stabiler Herzfre-
quenz, stabilem Schlagvolumen- und Herzindex. Unsere Ergebnisse deuten darauf hin, dass
eine Hypotonie nach Verabreichung von Propofol wihrend der Einleitung einer Allgemein-
andsthesie eher auf eine arterielle Vasodilatation mit vermindertem SVRI als auf eine vendse
Vasodilatation oder eine Abnahme der myokardialen Kontraktilitit zuriickzufiihren ist. Zu-
kiinftige Forschungsarbeiten sollten Strategien zur frithzeitigen Erkennung und Vorbeugung

einer IOH als Folge der Narkoseeinleitung untersuchen.
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11 Eigenanteil

Prof. Dr. med. Bernd Saugel und Dr. med. Dorothea E. Rogge konzipierten die Studie, die
ich im Rahmen meiner Doktorandinnentétigkeit im Folgenden betreute. Wir erhielten ein
positives Ethikvotum der Arztekammer Hamburg und wurden von der Firma CNSystems
Medizintechnik GmbH in Graz, Osterreich, mit dem notwendigen Messinstrument ausge-
stattet. Es oblag meiner Verantwortung fiir unser Studiendesign geeignete Patient:innen zu
identifizieren und die Einwilligung zur Studienteilnahme vorzubereiten. Die Patient:innen
wurden durch Arzt:innen iiber die Studie informiert und willigten dann in die Studienteil-
nahme ein. Als primire Ansprechpartnerin war ich fiir die tdgliche Kommunikation mit
allen involvierten Disziplinen verantwortlich, insbesondere mit den Kolleg:innen der Anés-
thesiepflege, sowie den drztlichen Kolleg:innen der anésthesiologischen Abteilung. Es galt
vor Messbeginn die zu untersuchende Fragestellung und das Studienprotokoll zu verdeutli-
chen und die Einleitung der Intubationsnarkose wéihrend des Messzeitraums zu {iberwachen.
Die Vorbereitung und Durchfithrung der Messungen, die Datenerhebung und schlief8lich die
Datensicherung sowie -libertragung fielen ebenfalls in meinen Aufgabenbereich. An 70
Messtagen fiihrte ich 125 Messungen durch. Von diesen 125 Patient:innen konnten 33 nicht
in die finale Auswertung eingeschlossen werden. Griinde hierflir waren der Bedarf an wei-
terer Medikation, die im Studienprotokoll nicht vorgesehen war, oder technische Probleme.
Weitere 24 fiir unsere Studie geeignete und aufgeklérte Patient:innen konnten aufgrund ver-
schobener OP-Zeiten, parallel stattfindender Narkoseeinleitungen, technischer Probleme,
oder Einleitungsmethoden wie einer Rapid Sequence Induction keiner Messung zugefiihrt
werden. Im Anschluss an den praktischen Teil der Studie war ich an der Datenanalyse und -
interpretation sowie an der inhaltlichen Uberpriifung des Manuskripts beteiligt.

Neben oben genannter Tatigkeit war Prof. Saugel fiir die Analyse und Interpretation der
gewonnen Daten verantwortlich. Er war Mitverfasser des Manuskripts, fiihrte die statistische
Datenanalyse durch und betreute die Studie. Dr. med. L. Briesenick war an Datenanalyse
und -interpretation sowie an inhaltlicher Uberpriifung des Manuskripts beteiligt. Dies war
ebenso der Fall bei Dr. med. P. Hoppe und Dr. med. G. Greiwe. Auch Dongsheng Yang,
Chao Ma und Edward J. Mascha waren in dieser Form beteiligt. Dariiber hinaus fiihrten
letztere ebenfalls die statistische Datenanalyse durch und waren Mitverfasser:innen des Ma-
nuskripts. Daniel I. Sessler war fiir die Interpretation der Daten verantwortlich und Mitver-
fasser des Manuskripts. Dr. med. D. Rogge war neben oben genannter Tatigkeit mitverant-

wortlich fiir die Analyse und Interpretation der Daten und verfasste das Manuskript.
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