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BAROREFLEX SENSITIVITY AND BLOOD PRESSURE VARIABILITY CAN
HELP IN UNDERSTANDING THE DIFFERENT RESPONSE TO THERAPY
DURING ACUTE PHASE OF SEPTIC SHOCK
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ABSTRACT—Background: Mean values of hemodynamic variables are poorly effective in evaluating an actual recovery of
the short-term autonomic mechanisms for blood pressure (BP) and heart rate (HR) regulation. The aim of this work is to
analyze the response to therapy in the early phase of septic shock to verify possible associations between BP recovery and
BP autonomic control. Methods: This is an ancillary study from the multicenter prospective observational trial Shockomics
(NCT02141607). A total of 21 septic shock patients were studied at two time points during the acute phase of shock and were
classified according to changes in SOFA score. Time series of BP components and HR were analyzed in time and frequency
domain. Baroreflex sensitivity (BRS) was assessed, and a mathematical model for the decomposition of diastolic arterial
pressure (DAP) oscillations was used to understand the different contributions of BRS and HR on peripheral vascular
resistance control. Results: Only those patients, who significantly improved organ function (responders, R), showed an
increase of mean value and low frequency (LF) power in BP time series. Fluid accumulation was higher in the non-
responders (NR). BRS increased in NR and the model of DAP variability showed that the contribution of HR was highly
reduced in NR. Conclusions: Although patients reached the mean BP target of 65 mmHg, our analyses highlighted
important differences in terms of autonomic nervous system control. BP variability, HR variability and baroreflex trends can
add information to individual vital sign measure such as mean BPF, and can help in understanding the responsiveness to the

combination of symphatomimetic drugs and fluid therapy.
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INTRODUCTION

It is well known from literature that early goal-directed
therapy (EGDT) is not as effective as it initially advocated.
Often, aggressive fluid resuscitation during the first hours may
cause fluid overload that subsequently affects patients’ out-
come. Persistent fluid overload during the first days increases
the risk of cardiac, renal, and pulmonary dysfunction. More-
over, a positive fluid balance is associated with increased
morbidity—mortality (1—4).

Indeed, since the first positive study of Rivers et al. (5), three
recent large trials were not able to replicate these results and
none of these studies demonstrated a benefit of EGDT protocol
(6). The reasons for these inconsistencies in the medical
literature are not fully clear: the complexity of the population
under study and the lack of a pathophysiological approach to
hemodynamic monitoring could be some possible explanations
(7). In this regard, a high intersubject variability in response to
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treatment suggests the need for personalized approaches, i.e.,
patient-targeted therapy and not absolute thresholds.

The aim of EGDT is to restore blood pressure, i.e., mean
arterial pressure (MAP), central venous pressure (CVP), and
central venous oxygen saturation (ScvO,). However, the patient
response to the initial hemodynamic optimization therapy
cannot be evaluated solely by absolute values of vital signs,
as they do not imply a restoration of the cardiovascular (CV)
autonomic control. In other words, the restoration of the short-
term physiological mechanisms for blood pressure and heart
rate regulation cannot be inferred only from mean values of the
classical hemodynamic variables.

In this study, the authors wanted to test the hypothesis that
the changes in sympathetic autonomic nervous system (ANS)
activity and in autonomic-mediated blood pressure (BP) control
mechanisms may help to understand the actual effectiveness of
fluid and vasopressor therapies and to correctly interpret the
trend in mean arterial BP values (8—10). In particular, we
analyzed patients’ response to therapy in early phase of septic
shock and examined possible associations among BP recovery,
BP autonomic control, and fluid accumulation.

PATIENTS AND METHODS
Study design and patients’ population

The present work is an ancillary study from the multicenter prospective
observational  trial ~ Shockomics (see  ClinicalTrials.gov  Identifier
NCT02141607). A complete description of the protocol can be found in
(11). A subset of 21 septic shock patients enrolled at Geneve University
Hospital from October 2014 till December 2015 was included in this study,
after approval of the Geneva regional research ethics committee (Commission
cantonale d’éthique de la recherché, President: Prof. Bernhard Hirschel study
number 14-041). All participants gave prior informed consent. Strict inclusion
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criteria were observed during the recruitment phase, as detailed reported in (11),
to avoid a too high inhomogeneity within the population. The patients received
initial therapy according to the standards (12) immediately after shock diagno-
sis (time TO). Patients were analyzed at two relevant time points: within 16 h
from TO when the inflammatory cascade has been just activated (T1), and
within 48 h after TO time point (T2).

SOFA score (Sequential Organ Failure Assessment score) was used to classify
patients into two groups according to their responsiveness to early therapy:
responder patients (R, n=14) consisted in patients with a positive response to
initial treatment. Those patients, who decreased their SOFA score of at least 5
points between T1 and T2 (ASOFAq,_1| >5) or reached a SOFA score at T2 lower
than 8 were classified as R. Non-responder patients (NR, n=7) consisted in
patients who still had a SOFA score at T2 higher than 8 or ASOFA, 1y <5.

Clinical and therapy data

Information on therapy and sedation administered to the patients were
available and the overall dosage (pg/kg) of vasopressors and sedation drugs
was calculated at T1 and T2. Vasopressors (VP) consisted in noradrenaline and
adrenaline, whereas sedation drugs included dexmedetomidine, fentanyl, mid-
azolam, and propofol. Fluid balance (FB, mL) was also retrieved at T1 and T2
for each patient.

Other clinical variables considered at T1 and T2 were as follows: lactate
(mmol/L), C-reactive protein (CRP, mg/L), central venous oxygen saturation
(ScvO,, %), cardiac output (CO, mL/min), stroke volume (SV, mL/beat), and
ejection fraction (EF, %). Parameters related to specific organ systems were
included: PaO,/FiO, ratio (mmHg) and PEEP (mmHg) value for respiratory
system together with the number of intubated patients, bilirubin (mg/dL) for the
hepatic system, platelets count (10°/mm?) for coagulation system, creatinine
(mg/dL) together with urine output (mL/d), and the presence of acute kidney
injury (AKI) for renal system, Glasgow Coma Scale (GCS) as an overall
indication of the level of consciousness and sedation of the patients.

All patients except one had additional data provided by the hospital ICT
system relating their entire intensive care unit (ICU) stay: minute-by-minute
average measure of invasive systolic, diastolic, mean arterial pressure (SAP,
DAP, MAP), and heart rate (HR), annotations of any change in the therapy (i.e.,
start, stop, or change of infusion rate for every administered drug). Information
on daily fluid input, daily fluid output, and daily fluid balance of the entire ICU
stay was also available for each patient. Mean and standard deviation were
calculated every hour for SAP, DAP, MAP, and HR series; total cumulative
amount of drugs administered was evaluated every 2h. All the series were
aligned with respect to time point T1. We focused on the first 10 ICU days as
most of the patients in R group had an ICU length of stay less than 1 week before
moving to another hospital ward.

Signal processing

The ICU is equipped with the Philips Intellivue MP70 monitor system. A
laptop computer was connected to the monitor to synchronously download the
waveforms by means of a dedicated software (iXtrend, ixellence GmbH,
Germany). The arterial blood pressure (ABP) waveform was continuously
recorded at 125 Hz at T1 and T2 during a stable condition of the patient, when
no maneuvers or changes in the therapy occurred. The duration of ABP
recordings spans from about 1 to 30 min (average time 13 min). We extracted
beat-to-beat time series of systolic, diastolic, mean arterial pressure (SAP, DAP,
and MAP, respectively), and heart period (HP), which is the time difference
between consecutive onsets of ABP pulses, and it is considered as a surrogate of
the RR-intervals time series. The beat-to-beat series were successively filtered
according to standard procedures (13—15). Temporal relationships were main-
tained among the time series: given onset(i) as the onset of the current beat,
HP(i) designated the difference between onset(i+1) and onset(i). SAP(i)
follows onset(i) and is followed by DAP(i), which often coincides with
onset(i+1). We subdivided each vital sign series into 2-min long windows
and, to increase the number of windows, we adopted a 50% overlapping
segmentation. Each window was resampled at 2 Hz by means of zero-order
hold techniques, to obtain evenly spaced time series, and successively detrended
using a 10th order polynomial function. Finally, we verified the stationary of the
obtained time series by means of the Dickey—Fuller test.

Time and frequency indices were computed for each window and then
averaged.

Hemodynamic analyses

We computed mean and standard deviation of each time series at T1 and
at T2.

Spectral indices obtained from power spectra included low frequency (LF,
0.04-0.15 Hz) power; total power (TP), which represents the total area under
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the spectrum and it is a measure of the overall variability of the series; LF%,
which represents the relative power in LF band, computed as LF/(TP—VLF)%,
where VLF is the very low frequency band, 0 to 0.04 Hz.

The arterial baroreflex control mechanism was investigated through barore-
flex sensitivity (BRS) analysis to assess the interrelationship between HP and
SAP short-term oscillations. We adopted the bivariate model method, for further
details see (16). Briefly, the two parameters of interest are the feedback gain,
which represents the baroreflex mediated by the ANS, and the feedforward
gain, which denotes the mechanical influence of RR intervals on systolic BP
through the heart and vasculature, also named as runoff effect.

Finally, we implemented a model for the prediction of beat-to-beat variabil-
ity of the diastolic component of peripheral blood pressure. Assuming that DAP
variability is a surrogate measure of peripheral vascular resistance, we can say
that the current DAP value is influenced both by the arterial baroreflex control
mechanism and by the mechanical coupling between heart and circulatory
system, the so-called runoff effect as previously introduced. A prolongation of
the RR interval produces an immediate reduction in diastolic blood pressure
(17) but, due to the increased time for cardiac filling, the subsequent stroke
volume and pulse pressure increases via the Frank—Starling effect, the net result
therefore is an increase in SAP in the next beat sensed by baroreceptor. This is
followed subsequently by a more sustained decrease, reflecting the effect of a
reduction in cardiac output produced by the lowered heart rate (18).

A black-box input—output model was used to disentangle these two mecha-
nisms to highlight their different contribution on DAP variability at T1 and T2
in the two groups of patients. The model is represented by the following
equation:

DAP(i) = hsap * SAP(i — ) + by HP(i — 1) + e(i)
=

= DAP/MP + DAP/bp + DAP/noise

where the order n was fixed at 12 and the parameters were determined by
least-squares minimization procedure. The DAP,, component represents the
black-box model for the arterial baroreflex-mediated sympathetic control of
vasomotor tone, whereas the DAP,,, component is the mechanical effect of
diastolic runoff.

The residual error (DAP,,;s.) includes all the remaining sources of variabil-
ity not measured, such as the autoregulation-mediated control of peripheral
resistance, artifacts, or noise.

To quantify the amount of DAP variability explained by the arterial
baroreflex control or the mechanical runoff effect, a spectral decomposition
was performed. In particular, we performed the spectral analysis of the model
component series (DAP ,,, DAP,,) and then we assessed the ratio between LF
power of DAP,,, component over LF power of DAP (LF DAP/,,/LF DAP) and
the ratio between LF power of DAP/,, component over LF power of DAP (LF
DAP,,,/LF DAP).

Statistical analyses

We adopted the Mann—Whitney U test, also known as Wilcoxon rank-sum
test, to verify significant differences in the indices values between the two
groups (R and NR patients) separately at T1 and T2, whereas we used the
Wilcoxon signed-rank test to assess significant changes from T1 to T2 within
the same group of patients. The variations from T1 to T2 in the indices values,
i.e., the deltas, were compared between the two groups by means of the Mann—
Whitney U test.

For categorical parameters, i.e., data of incidence, we used the Fisher
exact test.

Significance was considered with a P < 0.05.

RESULTS

Population and therapy

R and NR patients had similar clinical characteristics at
admission, as reported in Table 1. NR stayed longer in the ICU
and had higher mortality rate after 28 days from development of
shock. The source of infection and the comorbidities were
balanced between R and NR underlying that the different
outcome of the two groups of patients was not due to preexist-
ing pathologies, but it was highly dependent on patients’
response to therapy. Clinical variables and laboratory
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TasLe 1. General characteristics of the two populations

Responder Non-responders P
Number of patients 14 7
Age (yr) 67.2 (62, 75) 68.2 (61, 77.7) NS
Weight (kg) 85 (75, 90) 75 (61.8, 78.8) NS
Body mass index 26.5 (24.1, 27.8) 25.9 (20.4, 28.5) NS
Males 12 (85.7%) 4 (57.1%) NS
Total days in ICU 4.5 (3, 6) 10 (9.3, 19.8)" 0.016
Total days in hospital 13.5 (11, 30) 23 (17.5, 39) NS
Mortality at 28 d 2 (15.4%)" 13 5 (71.4%)8 0.022
Mortality at 100 d 2 (20%)"=1° 5 (71.4%) NS
Source of infection
Respiratory 3 (21.4%) 3 (42.9%) NS
Abdominal 3 (21.4%) 3 (42.9%) NS
Urinary tract 5 (35.8%) 1 (14.3%) NS
Others 3 (21.4%) 0 (0%) NS
Comorbidities
Chronic organ insufficiency 13 (92.9%) 6 (85.7%) NS
Arterial hypertension 5 (35.7%) 3 (42.9%) NS
Diabetes 0 (0%) 1 (14.2%) NS
Coronary disease 1(7.1%) 0 (0%) NS
Systolic/diastolic disease 0 (0%) 1 (14.3%) NS
Cerebrovascular disease 1(7.1%) 1 (14.3%) NS
Peripheral vascular disease 1(7.1%) 0 (0%) NS
Chronic lung disease 2 (14.3%) 2 (28.6%) NS
Inflammatory bowel disease 0 (0%) 0 (0%) NS
Liver disease 1(7.1%) 1 (14.3%) NS
Chronic kidney disease 0 (0%) 0 (0%) NS
Acute heart failure 8 (57.1%) 4 (57.1%) NS
Prolonged arrhythmias 1(7.1%) 1 (14.3%) NS

Numerical data are reported as median (25th, 75th) percentile; categorical data are expressed as number of cases (percentage). Comparisons between
R and NR: "P < 0.05 (Mann—Whitney U test). Comparisons between R and NR: $P < 0.05 (Fisher exact test)

examinations values at time points T1 and T2 are shown in
Table 2. According to inclusion criteria, all patients had a SOFA
score higher than 8 at T1 and this was meant to ensure a similar
severity of shock among patients at the enrollment. However,
SOFA score at T1 was significantly higher in R than NR. This
could be due to the limit number of patients and to a larger
variance in the SOFA values in R group. For instance, in our
clinical cohort two patients had a SOFA score of 16 at TI,
but one improved (SOFAr,=10) and the other did not
(SOFAT, = 16). Moreover, CRP and lactate were comparable
between the two groups at T1 confirming that the severity of
inflammation was similar at the admission.

Table 2 describes the total dosage of vasopressor (noradren-
aline, adrenaline) and sedation drugs (dexmedetomidine, fen-
tanyl, midazolam, and propofol) administered. We observe that
NR had a significantly higher dosage of vasopressors at T2 with
respect to R and a large increase from T1 to T2, in contrast to R.
We also report the total cumulative dose of vasopressors and
sedation drugs, computed every 2 h, administered during the
first 10 days of ICU stay (Fig. 1): note that R patients received
on average a lower dosage of vasopressors after T1 with respect
to NR patients, whereas both groups received a similar sedation
therapy.

In addition, we analyzed the fluids administered as reported
in Figure 2 where the daily trends of fluid input, fluid output,
and fluid balance for the first 10 days of ICU stay are illustrated.
NR received a similar initial fluid therapy at ICU admission
(TO), but their fluid balance then became strongly positive at

T1, in contrast to R patients, due to a higher dosage of fluid
input and lower fluid output. The values of fluid balance at T1
and T2 and the delta between these two time points are also
reported in Table 2

Hemodynamic variables and ANS indices

Figure 3 shows the distribution of mean values at each time
point for SAP, DAP, MAP, and HR time series in both groups of
patients. The upper right box displays the distribution of delta
values computed as the difference between values at T2 and
values at T1. The horizontal black line marks the zero value that
means no change from T1 to T2.

Mean value of BP showed an increase between T1 and T2 in
responders; moreover, at T2 R patients had significantly higher
values than NR for MAP and SAP. All mean values of BP
components were slightly decreasing in NR patients between
the two time points. A significant decrease of HR mean value
from T1 to T2 was observed in NR.

Figure 4 displays the trend of the average of minute-by-
minute MAP and HR values during the first 10 ICU days. The
trend of MAP during the initial days was very similar in the two
groups and, in particular, at T1 and T2 both groups maintained
the target MAP value of 65 mmHg. The trend of HR showed
instead a decrease in NR group with respect to a more stable
trend in R group.

Figure 5 shows the distribution of standard deviation (SD)
and LF% values at each time point for SAP, DAP, MAP, and HR
time series in both groups of patients. The overall variability in
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TasLe 2. Clinical data, laboratory data, total dose of vasopressor drugs VP (noradrenaline, adrenaline), and of sedation drugs
(dexmedetomidine, fentanyl, midazolam and propofol) for responder and non-responder patients at time points T1 and T2

Responder Non-responder

T1 T2 Delta T T2 Delta
SOFA score 125(11, 14) 6 (6, 8) 5 (-9, —4)S88 6 (13.5, 16)° 5(13.5, 15.8)"" 0(—1.8,0)
Lactate (mmol/L) 8 (2.8, 5.6) 3(1,1.5) —2.5(—3.3, —1.4)8% 7 (3.4,7.8) 7(1.4,3) ~1.7 (-6.3, —0.4)
C-reactive protein (mg/L) 271 5 (132.3, 378) 212 8 (171.7, 257.7) —34.6 (—104.2, 40.6) 273 4 (96.8, 350.8) 243 7 (154, 341.1) 32.1 (—27.5, 103.2)
ScvO2 (%) 76 (72, 78)"'° 71 5 (64.5, 72.5)"8 6 (—10.3, —2.5) 1(61.8, 77.8)"° 0 (61.5,79.5)"* —1.5(-7,1)
Cardiac output (L/min) 5 (4.7, 6.9)" " 7 (4.3, 6.1)" 18 704( 1.1,1.1) 6 (3.7, 6.8) 2 (3.5, 5.3)"°° —1.2(-2.2, —0.3)
Stroke volume (mL/beat) 64 9 (57.2, 74.9)" " 58 6 (50.7, 75.2) —0.18 (—2.4, 3.9) 58 5 (45.5, 78.2)" 13 63 9 (54.8, 86.6)"° 3.4 (-3.7,7.8)
Ejection fraction 5 (40, 60) 47.5 (40, 60) 0 (-5, 5) 5 (22.5, 57.5) 0 (35, 55)"~° 2.5 (-5, 5)
Fluid balance (mL) 1466 (413, 2181) —259 (—891, 557) —1379 (- 2400 —813)8 4075 (2552, 5039) " 1488 (-133,2837) 3449 (3888, —464)8
VP dosage (mg) 2 (0.6, 7.6) 2.2 (1.7,2.9)" 1 —2.7 (-7.2,1.4)"1° 11.9 (5.1, 16.5) 15.7 (11.6, 17.9)” 3.8 (-0.7, 8.1)°°
Sedation dosage (mg) 284 2 (160.6, 832)""'2 225 (1.4,2435.7)" "1 _83.4 (—151, 126 4.4)" "0 203.9 (122.5,749.9) 1255 (2.5, 242.2)"° _212 (-606.4, 0.3)"°

Respiratory system

PaO,/FiO, ratio (mmHg) ~ 183.7 (119, 265) 272.4 (226.7, 316.7)

72.8 (-7.9, 129.5)8

148.6 (132.1,418.5) 180 (171.9,225.9)  35.8 (—199.2, 47.2)

Tracheal intubation (#) 13 (92.9%) 8 (57.1%) —5 (—35.7%)# 6 (85.7%) 6 (85.7%) 0 (0%)

PEEP (mmHg) 8 (7, 10)""3 8.5 (7.5, 9.5)"® —-0.5 (2.5, 0) 10 (7, 12)"® 8 (8, 10)"° 0(-2,0)
Hepatic system

Bilirubin (mg/dL) 1.3 (0.7, 1.9) 0.65 (0.4, 1.5) —0.4 (—0.9, —0.2)%¢ 1.3 (0.9, 14.1) 1.4 (0.9, 14.2)° 0 (0, 0.4)
Coagulation system

Platelets count (10%mm? 194 (101, 218) 175 (77, 236) -5 (—31, 20) 112 (31.5, 138.3)° 39 (17.5, 109.5)° —8(—41.8,0)
Renal system

Creatinine (mg/dL) 1.65 (1.1, 2) 1.1 (0.6, 1.3) ~0.5 (0.9, —0.2)% 1.7 (1.3, 2) 1.3 (1.1, 2.4) —~0.1(-0.5, 0.2)

Urine output (L/d) 1.8 (0.8, 2.1) 2.3 (1.4,3.1) 0.8 (—0.5, 1.3) 0.8 (0.4, 1.5) 0.6 (0.3,1.7)" —~0.1(-0.4, 0.2)

Acute kidney injury (#) 3 (21.4%) 2 (14.3%) —1(=7.1%) 5 (71.4%) 4 (57.1%) —1 (—14.3%)
Nervous system

Glasgow Coma Score 3 (3, 4) 11 (8, 14) 6 (3, 11)88 3 (3, 4.5) 4(3.3,7.5) 1(0,2.5)

(GCS)

Numerical data are reported as median (25th, 75th) percentile; categorical data are expressed as number of cases (percentage).
FiO,, fraction of inspired oxygen; PaO,, arterial partial oxygen pressure; PEEP, positive end-expiratory pressure; ScvO,, central venous oxygen

saturation; VP, vasopressors.

Comparisons between R and NR: “P < 0.05, “P < 0.01, “"P < 0.001 (Mann—Whitney U test).
Comparisons between T1 and T2: SP < 0.05, %P < 0.01, $8%P < 0.001 (Wilcoxon signed-rank test).
Comparison between delta R and delta NR: °°P < 0.01, °°°P < 0.001 (Mann—Whitney U test).

Comparisons between R and NR: #P < 0.05 (Fisher exact test).

NR group was significantly lower with respect to R group: the
standard deviation of SAP, DAP, and MAP was significantly
lower at T2 in NR, and the standard deviation of HR was
significantly lower at T1. In addition, at T2 the low-frequency
component of DAP (LF% and LF absolute power, reported also
in Table 3) was significantly lower in NR group.

Figure 5 shows also a significant increase in LF% from T1 to
T2 in responders for MAP, SAP, DAP, and HP, which was not
reported in NR group.

With regard to the baroreflex sensitivity (Table 3), NR
patients had significantly lower values of BRS feedback gain

at T1 than R, but they showed a significant increase from T1 to
T2 so that the gain became significantly higher in NR group
at T2.

Diastolic blood pressure variability decomposition

Figure 6 illustrates the ratios distribution of DAP model
components (LF DAP,/LF DAP and LF DAP,,,/LF DAP). In
particular, in both groups the ratio computed between LF power
of DAP/,, component over LF power of DAP, reflecting the
portion of DAP variability mediated by the arterial baroreflex
mechanism, was predominant with respect to the ratio between
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Trend of cumulative total dosage of vasopressors and sedation drugs administered during the first 10 days of ICU stay for responder (R)

and non-responder (NR) groups. Total dosage is computed as the sum of all the drugs administered every 2 h. The vertical black line marks T1 time point. The
gray shaded area represents the standard error (SE). The two panels on the right show a detail of the trends from T1 and the next 2 days.
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Fic. 2. Trends of daily measures of fluid input, fluid output, and fluid balance during the first 10 days of ICU stay for responder (R) and non-
responder (NR) groups. The gray shaded area represents the standard error (SE) of the mean estimation. T1 was used as time reference for all patients.

LF power of DAP,, component over LF power of DAP,
indicating the mechanical influence of the heart on the circu-
latory system (runoff effect). Moreover, we can notice that at
T1 the component of DAP variability explained by the mechan-
ical effect of the runoff was significantly lower in NR group.
Finally, Table 4 reports the LF power values of DAP/,, and
DAP,, components, showing that the LF oscillations of the
model component related to the HR were significantly lower in
NR than in R group.

DISCUSSION

In the present study, the early response to standard therapy in
21 septic shock patients was investigated by means of several
hemodynamic indices. Our major finding is that common mean
targets routinely used to guide hemodynamic optimization and
fluid therapy in acute shock patients, such as mean arterial
blood pressure, are not sufficient alone to explain the evolution
of patient’s organ dysfunction.

Mean SAP
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-
140} =
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§120 - R NR
100 .
*
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65 o
60 + +
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Specific blood pressure targets have been recommended for
septic shock patients, for instance, sepsis guidelines recom-
mend vasopressors administration to achieve and maintain a
MAP of at least 65 mmHg in patients not responding to initial
fluid resuscitation. In this regard, the actual blood pressure
targets and their implementation are the main determinants of
the patient’s exposure to fluids and vasopressors (19). Interest-
ingly, the cumulative vasopressor administration is indepen-
dently associated with morbidity and mortality, whereas
reduction of exposure to vasopressors has the potential of
improving outcomes. For these reasons, the key point is to
understand if new hemodynamic markers and targets can be
defined for a more effective therapy with a real benefit on organ
recovery and outcome.

In this study, patients were stratified as R or NR to therapy
according to change in SOFA score between T1 and T2. All
patients had similar severity of shock at the enrollment and they
received the same initial therapy, but the R group improved
their organs condition within the first 2 days after ICU
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Fic. 3. Boxplot distribution of mean values for systolic (SAP), diastolic (DAP), mean (MAP) arterial pressure, and heart rate (HR) at time points T1
and T2 for responder (R) and non-responder (NR) patients. The upper right box displays the distribution of delta values computed as the difference between
values at T2 and values at T1 for both groups. The horizontal black line marks the zero value that means no change from T1to T2. "P < 0.05 Mann—Whitney Utest

between R and NR, $P < 0.05 Wilcoxon signed-rank test between T1 and T2.
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admission (i.e., between T1 and T2), whereas the NR patients
did not improve or even worsened.

NR patients displayed a higher fluid balance during the first
days after shock development due to a larger fluid infusion and
a reduction in urine output (Fig. 2). There are various possible
explanations for this phenomenon, for instance, a higher capil-
lary leak in these patients, or a prolonged vasoplegic state,
which required a prolonged infusion of vasopressors with
concomitant fluid infusions. Moreover, we must remind that
vasopressors are intravenously administered and a prescription
of a higher vasopressor dosage usually translates into a higher
infusion rate with a consequently additional fluid infusion. The
additional administration of fluids to maintain hydration should
take into account this portion, but in the acute phase the
decision on fluid therapy is not straightforward and the recov-
ery from hypotension is of primary importance.

Interestingly, fluid accumulation is known to affect ANS
response to sympathetic stimuli. In fact, previous studies
reported that the large increase in the power of LF oscillations
in RR series observed during active or passive standing in
healthy subjects was not observed during other sympathetic
activation activities in which central volume did not change,
like the prolonged handgrip (20). Moreover, the magnitude of
LF oscillations observed during exercise was reported to be
influenced by body position, i.e., standing or supine positions—
both of which are characterized by sympathetic activation (21).
Another study reported that the LF variability component of RR
intervals and muscle sympathetic nerve activity (MSNA)
decreased in heart failure patients despite an overall increased
sympathetic activation; one can interpret this result as being
due to the increased central volume present in this pathological
condition (22). Finally, a recent study compared the changes in
cardiac sympathetic nerve activity (CSNA) during volume
loading in two groups of normal and heart failure sheep,

showing that the decrease in CSNA due to the fluid infusion
in the normal sheep was not present in the heart failure
group (9).

Given these premises, we hypothesized that the fluid over-
load in NR could have been one of the possible mechanisms
that prevented the sympathetic outflow to the heart and to the
peripheral resistance in these patients. In fact, a different trend
in the overall variability and low frequency oscillations was
observed: R patients increased LF% values of SAP, DAP, MAP
series (Fig. 5), whereas NR patients did not despite a higher
dosage of vasopressors (Table 2), which mainly act on the
sympathetic outflow to the periphery. It is widely accepted that
changes in LF oscillations of blood pressure can be related to
the changes in the outflow of sympathetic nervous system and
spectral analysis of blood pressure has been proved to be a
powerful tool for the identification of the different cardiovas-
cular control mechanisms that regulate BP (23, 24). From this
perspective, the absence of LF increase in NR patients can be
read as a sign of non-responsiveness to the vasopressor therapy
or let think to a mechanism that prevented sympathetic nervous
system outflow. Moreover, the large decrease in mean value of
HR between T1 and T2 in the non-responders further supports
this hypothesis: although an increasing trend in LF power of HR
oscillations in NR patients, this did not translate into an
increase in cardiac frequency. This could be a sign of a possible
activation of vagal outflow to the heart mediated by the
cardiopulmonary (CP) baroreflex. CP baroreceptors are low-
pressure receptors located in the walls of the pulmonary artery
and the cardiac chambers that sense the changes in central
volume pressure and regulate ANS outflow to the heart and
vessels.

The interaction between cardiopulmonary and arterial bar-
oreflex has been widely demonstrated in literature: reflex
forearm vascular resistance in response to carotid neck
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Fic. 5. Boxplot distribution of standard deviation (SD) and LF relative power (LF%) values for systolic (SAP), diastolic (DAP), mean arterial (MAP)
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Whitney U test between delta R and delta NR.

suction/pressure was augmented when the cardiopulmonary
baroreceptors were unloaded (25); the reflex control of total
peripheral resistance mediated by cardiopulmonary baroreflex
almost doubled in seven conscious dogs after chronic arterial
baroreceptor denervation (26).

In our study the feedback gain of the baroreflex mechanism,
which quantifies the relationship between SAP and HR medi-
ated by the nervous system, increased significantly at T2 in NR.
If cardiopulmonary afferent activation indirectly affects the
arterial baroreflex control of heart and peripheral resistance,
then the elevated loading (or stretching) of CP baroreceptors,
due to large central volume pressures, could be a possible
explanation of the different trend in BRS feedback gain
observed in NR patients with respect to R patients whose fluid
balance significantly decreased at T2.

Commonly, the rising of BRS feedback gain is interpreted as
a sign of recovery in various pathological conditions (27, 28).
However, in NR patients the increase in BRS gain is accompa-
nied by a fall in HR and by a slight decrease in mean BP from
T1 to T2. The model of DAP variability decomposition can help

in understanding this paradox: the portion of LF DAP modu-
lated by the HR (LF DAP,,) was highly reduced in NR
compared to R (Table 4), meaning that the regulatory mecha-
nism of DAP based on the mechanical effects of the runoff was
suppressed in NR patients. These results hint that the rising of
BRS feedback gain observed in NR is not a sign of recovery,
but a compensatory mechanism to a condition of diminished
HR and reduced sympathetic control of heart and vessels’
resistance.

We want to highlight that the decrease in HR and increase of
BRS in NR patients could be interpreted as a prevalence of
vagal tone. In fact, many studies demonstrate that the increase
in baroreflex sensitivity control of HR is, in part, mediated by
the enhancement of the vagal nerve (28).

All patients were able to maintain their MAP over the targeted
threshold of 65 mmHg (Fig. 3), even if the trend between T1 and
T2 in NR patients was slightly decreasing and they displayed
lower values with respect to R patients both at T1 and T2.
Looking at the international guidelines for acute shock resusci-
tation all these patients seemed to be responsive to the therapy.
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TasLe 3. Baroreflex sensitivity and frequency indices for responder and non-responder patients at time points T1 and T2

Responder Non-responder
T1 T2 Delta T T2 Delta

SAP

LF power (a.u.) 121.8 (90, 173.4) 246.3 (108.5, 278.4)  51.5 (-2.2, 133) 114.4 (60.6, 257.3)  105.6 (81.3, 210) 47.9 (-68.3, 62.7)

TP (a.u.) 525.7 (509, 626) 534.6 (507.9, 549.9) —0.9 (72, 16) 531.9 (520.5, 544) 525 (498.7, 544.9)  —2.7 (—33.5, 31.6)
DAP

LF power (a.u. ) 148.6 (94.7, 189) 202 (156.1, 257.1)  57.3 (4.3, 117.4)% 105.7 (80.5, 229.4) 91.9 (74.8,104.8)° —-13.8 (-91.5, 20.2)°

TP (a.u.) 521 (509.4, 549.5) 526.1 (513.9, 546.8) —1.5(-24.1,24.2) 538.4 (516.2, 559.8) 510.3 (446, 557.3) —45.8 (-70.5, -3.3)
MAP

LF power (a.u.) 130.3 (79, 222.6) 243.2 (106.5, 327.5)  44.4 (—29.9, 245.3) 119.9 (52.3, 225.1) 99.3 (82, 223.2) 44.3 (—86.5, 74.7)

TP (a.u.) 522.9 (502, 578.2)  535.6 (525, 555.7) 7 (—65.8,25.4) 546.9 (501.5, 557)  533.2 (488, 558.5) 11.5 (—67.3, 44.1)
HP

LF power (a.u. ) 209 (127,297.7)  260.8 (185.6, 370.2)  55.3 (21.9, 147.2)  143.5 (113, 168.1) 188 (131.3, 309.2)  44.6 (6.7, 102.5)

TP (a.u.) 519.6 (511, 533.4)  528.4 (514.7, 541.6) 8.6 (-9, 36.2) 529.6 (510.4, 546.9) 536.6 (500.6, 545) 24 (—60.8, 37.8)
BRS

Feedback (ms/mmHg) 2.2 (1.4,3.3) 3.2(2.1,7.5) 0.9 (-0, 3) 1.3 (0.5, 1.7) 5.2 (2.4, 8.1) 35(1.3,6.1)%

Feedforward (mmHg/ms) 0.1 (0.05, 0.19) 0.08 (0.04, 0.15)

~0.05 (—0.08, 0.05)

0.15 (0.08, 0.3) 0.06 (0.086, 0.1) —0.04 (—0.29, 0.03)

Values ad reported as median (25th, 75th) percentile.

BRS, baroreflex sensitivity; DAP, diastolic arterial pressure; HP, heart period; LF, low-frequency power; MAPR, mean arterial pressure; SAP, systolic arterial

pressure; TP, total power.
Comparisons between R and NR: “P < 0.05 (Mann—Whitney U test).

Comparisons between T1 and T2: $P < 0.05 (Wilcoxon signed-rank test).

Comparison between delta R and delta NR: °P < 0.05 (Mann—Whitney U test).
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TasLE 4. Low frequency (LF) power of DAP components variability for responder and non-responder patients at time points T1 and T2

Responder Non-responder
T1 T2 Delta T1 T2 Delta
LF DAP/s5 (a.u. x1079) 5.82 (1.8, 11.6) 8.38 (2.3, 17.3) 1.47 (-2.7, 10.5) 2.08 (0.4, 8.6) 1.38 (0.6, 2)" 0.16 (-7.5, 0.5)
LF DAP,, (a.u. x107%) 1.65 (0.6, 4.4) 1.86 (0.2, 4.6) —0.03 (-0.5, 1.2) 0.06 (0, 0.1)” 0.06 (0, 0.4)" 0.04 (-0, 0.2)

Values ad reported as median (25th, 75th) percentile.

Comparisons between R and NR: P < 0.05, P < 0.01 (Mann—Whitney U test)

However, the hemodynamic analyses allowed to discrimi-
nate those patients who actively responded restoring the auto-
nomic nervous system regulation of BP and HR, and those who
recovered from hypotension without a marked improvement in
the cardiovascular autonomic control.

Finally, it is not unusual for septic shock patients to receive
excess fluids even after they are weaned from vasopressors

(29). In our opinion, one of the reasons to explain this obser-
vation is that indices relating to CV autonomic control are
not commonly used to guide fluid therapy and our work is
meant to contribute in this direction: this type of indices
offer noninvasive options to guide fluid therapy and permit
to assess the likely hemodynamic response of patients to
the therapy.
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Limitations

The main limitation of this study consists in the limited size
of the population, collected in a single center. The small sample
size did not allow to take into account all possible confounding
factors, such as comorbidities or previous history of vasoactive
therapy. Further studies should be conducted on a larger
population and by taking into account the response to changes
in vasopressor dosage or fluid administration in a tighter way so
to better infer patient conditions.

CONCLUSIONS

In conclusion, BP variability, HR variability, and baroreflex
trends can add information to individual vital signs such as
MAP, and can help understanding the responsiveness to the
combination of sympathomimetic drugs and fluid therapy.

The results of the present study suggest that mean values of
vital signs only give an approximate overview of hemodynamic
status of shocked patients. Indeed, static values of blood
pressure do not carry information about the short-term cardio-
vascular regulatory mechanisms of heart rate and blood pres-
sure, which are at the basis of the recovery of organs
dysfunction in shocked patients.
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