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Persistent catecholamine-resistant shock in children causes severe morbidity and mortality. We aimed to analyze the association
between hemodynamics and serum lactate at different time points and 28-day mortality in children with persistent
catecholamine-resistant shock. Methods. Twenty-six children with persistent catecholamine-resistant shock were enrolled, and
their hemodynamics were monitored using the pulse index continuous cardiac output. Serial cardiac index (CI), systemic
vascular resistant index (SVRI), and vasoactive-inotropic score (VIS) were analyzed for the first 24 hours. Associations between
hemodynamics, serum lactate, and 28-day mortality were analyzed. Results. The 28-day mortality rate was 53.8%. SVRI and VIS
were independent predictors of 28-day mortality. The mortality group had lower serial SVRI and higher VIS than the survival
group (p < 0:05). Serial SVRI had the highest area under the receiver operating characteristic curve (AUC) for predicting
mortality during the first 24 hours of persistent catecholamine-resistant shock. Three important hemodynamic parameters, CI,
SVRI and perfusion pressure (MAP-CVP), were significantly correlated with lactate, of which SVRI had the best correlation
(r = −0:711, p < 0:001). According to the AUC, SVRI was a more powerful predictor of mortality than lactate in persistent
catecholamine-resistant shock. After 24 hours of treatment for persistent catecholamine-resistant shock, an SVRI lower than
1284 dyn·s·cm-5·m2 was associated with 28-day mortality. Conclusions. SVRI was an early factor associated with mortality in the
pediatric patients with persistent catecholamine-resistant shock potentially and had the good correlation with serum lactate. An
SVRI more than 1284 dyn·s·cm-5·m2 during the first 24 hours of persistent catecholamine-resistant shock was associated with
favorable outcomes. The result should be used with caution due to the small sample size.
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1. Introduction

Pediatric severe sepsis remains an important public health
issue, with the similar rates of incidence, morbidity, and mor-
tality comparing to critically ill adult populations [1]. Severe
sepsis accounted for >8% of all critically ill children and
caused more than 4.5 million childhood deaths every year
worldwide [1, 2]. In the United States, about one-third of
deaths result from severe sepsis in pediatric intensive care
units [1]. Furthermore severe sepsis resulted in serious health
problems in children, with estimated costs US$ 64280 per
patient, causing total annual cost of $4.8 billion in the USA
[2]. Persistent catecholamine-resistant shock is the most seri-
ous form of sepsis and is defined as hypotension with end-
organ dysfunction after fluid resuscitation and vasopressor
therapy, with a very high mortality rate of about 60% [3–5].

In practice, clinical hemodynamic and biochemical
parameters can be used to diagnose sepsis. The American
College of Critical Care Medicine suggests that hemody-
namic parameters are important and can be the resuscitation
endpoint after adjusting for fluid resuscitation and vasoactive
agents [6]. Previous studies have shown that persistent
abnormal hemodynamics such as lower cardiac index (CI)
and systemic vascular resistant index (SVRI) are associated
with increasing mortality in pediatric patients with septic
shock [7–10]. In addition, Ceneviva et al. reported that opti-
mal CI and SVRI were associated with a better prognosis in
children with persistent catecholamine-resistant shock [11].

With regard to biochemical parameters, elevated serum
lactate has been shown to be a powerful predictor of morbid-
ity and mortality in septic patients, and an early serum lactate
level higher than 36mg/dL has been strongly associated with
mortality in pediatric patients with sepsis [12]. In addition,
both in vivo and in vitro experimental studies have shown
that lactic acidosis can damage the cardiovascular system
by worsening myocardial and vascular function causing a
poor response of vascular tone to vasopressors, although
these effects have not been formally established in humans
[13–15]. To date, no published paper has demonstrated a
relationship between lactate and important hemodynamic
parameters such as CI and SVRI in patients with sepsis.

The primary aims of this study were to identify early pre-
dictors of mortality in pediatric patients with catecholamine-
resistant shock using hemodynamic and biochemical param-
eters and their optimal cut-off values for predicting mortality
and to compare their predictive power. The secondary aim
was to analyze the relationships between the hemodynamic
parameters and lactic acidosis in these children.

2. Methods

2.1. Patient Population and Study Design. This was a retro-
spective cohort study using chart reviews of children aged 1
month to 18 years presenting with shock at the pediatric
intensive care unit (PICU) of Chang Gung Children’s Hospi-
tal between January 1, 2008 and December 31, 2017. The
PICU of our hospital is a tertiary ICU with 29 beds located
in northern Taiwan. A diagnosis of septic shock was made
according to the 2005 International Pediatric Sepsis Consen-

sus Conference [4]. Fluid-refractory septic shock was defined
as persistent shock despite up to 60mL/kg of fluid resuscita-
tion based on Surviving Sepsis Campaign 2012 [6, 10, 16].
Catecholamine-resistant shock was defined as persistent
hypotension after fluid replacement and the support of one
kind of vasoactive agent [4, 5]. Persistent catecholamine-
resistant shock was defined as persistent hypotension after
the use of two kinds of vasoactive agents. Patients were
included in the study if they were diagnosed with sepsis com-
plicated with persistent catecholamine-resistant shock, and
their hemodynamics were monitored via a pulse index con-
tinuous cardiac output system (PiCCO, PULSION Medical
Systems, Munich, Germany). The following information
was recorded: (1) demographic data: age, sex, pediatric risk
of mortality (PRISM) score, and site of infection; (2) cardiac
characteristics: including initial vasoactive-inotropic score
(VIS), heart rate (beats/min), and mean arterial pressure
(MAP; mmHg); (3) hemodynamic parameters of the PiCCO
system; and (4) outcome: length of stay in the hospital and
PICU and 28-day mortality. This study was approved by
the Institutional Review Board of Chang Gung Memorial
Hospital.

2.2. Measurement of PiCCO Parameters and Serum Lactate.
The PICCO system was executed within 2 hours of enroll-
ment. The inserted site of central venous and arterial catheter
was the internal jugular vein and femoral artery, respectively.
Three cold boluses (each bolus: 15mL 0.9% saline at a
temperature < 8°C) were performed for each calibration.
The calibration was performed at least every 8 hours, or fol-
lowing an unexpected change of hemodynamics. The contin-
uous parameters of SVRI and CI were recorded and exported
to a computer using PiCCO-VoLEF Data Acquisition soft-
ware (version 6.0; PULSION Medical Systems) combined
with a PiCCOPlus device (PC 8100 software version 5.1).
The hemodynamic parameters obtained via the PiCCO sys-
tem included the following: (1) preload parameters: global
end-diastolic volume index (GEDVI), intrathoracic blood
volume index (ITBVI), and stroke volume variation (SVV);
(2) cardiac parameters: cardiac output (CO), cardiac index
(CI), and global ejection fraction (GEF); (3) afterload param-
eter: systemic vascular resistance index (SVRI); and (4) lung
parameters: extravascular lung water index (EVLWI) and
pulmonary vascular permeability index (PVPI). Serial hemo-
dynamic parameters during the first 24 hours were analyzed.
Initial parameters were detected within 1 hour after PiCCO
setup. Other data were obtained hourly after the initiation
of critical care via the PiCCO system. In addition, the serum
lactate level was recorded every 6 hours after the PiCCO
system had been implanted.

2.3. Statistical Analysis. In the descriptive analysis, data are
presented as means ± standard deviations (SDs) or median
and interquartile range (IQR, 25th-75th percentile) and
number (%). For comparisons of dichotomous variables
between groups, the chi-square test or Fisher’s exact test
was used. Comparisons of continuous variables between the
two groups were performed using the Mann–WhitneyU test.
Predicted probabilities of mortality and 95% confidence
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Table 1: Demographics and initial hemodynamic parameters between the survivors and 28-day mortality group.

Variables Survival (n = 12) 28-day mortality (n = 14) p value

Age mean (SD), years 12 (4.7) 12.4 (3.3) 0.877

Sex (male), n (%) 5 (41.6) 8 (57.1)

PRISM, median (IQR) 8.8 (2-19) 11.1 (7-13) 0.188

Site of infection, n (%) 0.39

Central nervous system 0 3 (21.4)

Blood stream 5 (41.6) 6 (42.8)

Respiratory 4 (33.3) 3 (21.4)

Urologic 1 (8.3) 0

Abdominal 1 (8.3) 0

Others 1 (8.3) 2 (14.2)

Culture positive, n (%) 10 (83.3) 11 (78.5) 0.843

Pathogen, n (%) 0.862

Gram positive 4 (33.3) 4 (28.5)

Gram negative 5 (41.6) 5 (35.7)

Fungus 1 (8.3) 1 (7.1)

Virus 0 (0) 1 (7.1)

Unknown 2 (16.6) 3 (21.4)

Used vasoactive-inotropic agents, n (%)

Dopamine 11 (91.6) 14 (100) 0.921

Epinephrine 9 (75) 13 (92.8) 0.473

Norepinephrine 4 (33.3) 7 (50) 0.642

Dobutamine 1 (8.3) 7 (50) 0.068

Milrinone 9 (75) 8 (57.1) 0.597

Vasopressin 0 1 (7.1) 0.924

Outcomes (mean ± SD)
ICU stay (days) 25.9 (18.7) 13.8 (9.4) 0.031∗

Length of stay (days) 39.1 (30.1) 21.3 (15.7) 0.099

Cardiac characteristics before PiCCO implantation (mean ± SD)
Vasoactive-inotropic scores 30.7 (13.9) 65.6 (64.9) 0.027∗

Heart rate (beats/min) 118 (32) 143 (28) 0.092

Mean arterial pressure (mmHg) 82.5 (16.7) 53.4 (13.8) <0.001∗

Lactate (mg/dL) 32.3 (14) 74.2 (46.9) 0.005∗

Initial hemodynamic parameters (mean ± SD)
Cardiac output

CO (L/min) 3.9 (1.52) 4.5 (1.5) 0.273

Cardiac contractility

CI (L/min/m2) 3.7 (1.1) 3.9 (1) 0.603

GEF (%) 32.3 (11.1) 27.2 (8.7) 0.356

CFI (I/min) 9.2 (3.1) 9.1 (3.2) 1

Preload parameters

GEDVI (mL/m2) 431.7 (161.7) 447.1 (150.9) 0.823

ITBVI (mL/m2) 539.1 (202.2) 558.6 (188.8) 0.823

SVV (%) 10.3 (3.4) 17.2 (6.9) 0.006∗

Afterload parameters

SVRI (dyn·s·cm-5·m2) 1591.2 (409.5) 849 (286.8) <0.001∗
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intervals (CIs) were calculated using a logistic regression
model. Receiver operating characteristic (ROC) curves were
then used to determine the ideal cut-off values of the hemo-
dynamic parameters for mortality. The characteristics of
the cut-off values, including sensitivity, specificity, area under
the ROC curve (AUC), positive likelihood ratio (LR+), and
negative likelihood ratio (LR-) were also calculated. Statistical
significance was set at p < 0:05. All statistical analyses were
performed using SPSS software (version 22.0; SPSS Inc.,
Chicago, IL, USA).

3. Results

3.1. Demographics of the Children Implanted with the PiCCO
Device. During the 10-year study period, 26 children (13
males and 13 females) with persistent catecholamine-
resistant shock were monitored using the PiCCO system
(Table 1). Of these patients, 14 (53.9%) died within 28 days
and 12 (46.1%) survived. There was no significant difference
in mean age between the two groups. The most common site
of infection in both groups was the blood stream, and micro-
biologically proven infections were observed in 83.3% of the
survival group compared to 78.5% of the mortality group
(p > 0:05). Gram-negative pathogens were most common in
both groups. Dopamine and epinephrine were the first and
most commonly used vasoactive-inotropic agents, with no
significant difference between the two groups. The initial
cardiac characteristics showed higher VIS, lower MAP, and
higher serum lactate level in the 28-day mortality group than
in the survival group (p < 0:05).

3.2. Initial and Serial Hemodynamic Parameters and
Mortality. As shown in Table 1, there were no significant
differences in the initial hemodynamic parameters of CO,
cardiac contractility, preload, and lung parameters between
the two groups. Only SVRI was significantly lower in the
28-day mortality group than the survival group (849 ± 286:8
vs. 1591:2 ± 409:5dyn·s·cm-5·m2, p < 0:001). Figure 1 shows
the three most important parameters measured at 6-hour
intervals after the PiCCO device had been set-up for the first
24 hours. Serial CI values gradually decreased after 24 hours
of treatment and was not significantly different between the
two groups. However, SVRI gradually increased after 24 hours
of treatment and was significantly higher in the survival group.
VIS was significantly higher in themortality group. The results
of multivariate logistic regression analysis showed that SVRI
and VIS were independent predictors of 28-day mortality

and that serial SVRI had the highest AUC for predicting
mortality (Figure 1).

3.3. Correlations between Lactate and Hemodynamic
Parameters. We analyzed correlations between all of the
hemodynamics measured by the PiCCO system and lactate.
There were statistically significant correlations between CI
(r = 0:248, p = 0:048), SVRI (r = −0:711, p < 0:001), and
perfusion pressure (MAP-CVP) (r = −0:656, p < 0:001) with
lactate (Figure 2). Furthermore, SVRI had the best negative
correlation with lactate.

3.4. Survival Analysis. We compared the predictive power of
initial SVRI values and serum levels of lactate for 28-day
mortality and found that initial SVRI had a larger AUC than
lactate (AUC 0.923 and 0.824, respectively) (Figures 3(a) and
3(b)). The best predictive powers for different cut-off values
of SVRI in the patients with persistent catecholamine-
resistant shock at each 6-hour interval within the first 24
hours are shown in Table 2. The best cut-off values of initial
and 24 hours SVRI for predicting mortality were 1140 and
1284 dyn·s·cm-5·m2, respectively. When sepsis progressed to
persistent catecholamine-resistant shock initially, the 28-
day survival rate was only 7.7% when the initial SVRI was
less than 1140 dyn·s·cm-5·m2 (p = 0:001). After 24 hours of
treatment for persistent catecholamine-resistant shock, an
SVRI lower than 1284 dyn·s·cm-5·m2 was associated with
poor survival (11.1%), whereas the outcome was favorable
(80%, p = 0:006) when the SVRI increased to more than
1284 dyn·s·cm-5·m2 (Figures 4(a) and 4(b)).

4. Discussion

The evolution of hemodynamics in septic shock is rapid and
unpredictable, especially in persistent catecholamine-
resistant shock. Therefore, hemodynamic monitoring is
essential for the diagnosis and therapeutic management of
pediatric catecholamine-resistant septic shock. In this 10-
year retrospective study, we found that SVRI was an early
factor associated with mortality in pediatric patients with
persistent catecholamine-resistant shock potentially and that
it had a good correlation with serum lactate. An SVRI more
than 1284dyn·s·cm-5·m2 during the first 24 hours in the
patients with persistent catecholamine-resistant shock was
associated with favorable outcomes. To the best of our
knowledge, this is the first study to demonstrate a correlation
between hemodynamics and serum lactate in children with
persistent catecholamine-resistant shock. The conclusion

Table 1: Continued.

Variables Survival (n = 12) 28-day mortality (n = 14) p value

Lung parameters

EVLWI (mL/m2) 10.6 (4.4) 12.2 (6.4) 0.507

PVPI 2.9 (0.9) 3.3 (1) 0.326

ICU: intensive care unit; CO: cardiac output; CI: cardiac index; GEF: global ejection fraction; CFI: cardiac function index; GEDVI: global end-diastolic volume
index; ITBVI: intrathoracic blood volume index; SVV: stroke volume variation; SVRI: systemic vascular resistance index; EVLWI: extravascular lung water
index; PVPI: pulmonary vascular permeability index. ∗Statistical significance was set at p < 0.05.
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Figure 1: The means of serial cardiac index (CI), systemic vascular resistance index (SVRI), and vasoactive-inotropic score (VIS) after PiCCO
setup measured at 6-hour intervals between the survival and 28-day mortality groups. (a) Serial CI. (b) Serial SVRI. (c) Serial VIS. (The I bars
indicate standard error of the mean within each time interval.) ∗p < 0:05.
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should be used with caution, because the current study is
limited by a small sample size.

Peripheral vasodilatation with hyperdynamic CO is the
most common initial phenomenon in septic shock. The
major pathophysiology of early sepsis is the injured endothe-
lium resulting in peripheral vasodilatation combined with
increasing CO [17]. Injured endothelial cells result in
arginine-vasopressin system dysfunction, which results in
increased secretions of tumor necrosis factor, prostacyclin,
lipopolysaccharide, reactive oxidants, interleukin-1, circulat-
ing endothelin, and nitric oxide, which reduce peripheral
vascular resistance and vascular reactivity to vasoconstric-
tors, causing refractory hypotension [18, 19]. Previous adult
studies have demonstrated that a low SVRI caused by an
impaired endothelium is a predictor of mortality in septic
patients [20, 21]; however, the clinical application of SVRI
has not been well established in children with septic shock.

According to the American College of Critical Care
Medicine-Pediatric Advanced Life Support (ACCM-PALS)
algorithm, a CI of 3.3-6.0 L/min/m2 indicates better out-

comes in children with persistent catecholamine-resistant
shock [6, 10, 16]. In our study, we used vasoactive-
inotropic agents to achieve the target level of 3.3-
6.0 L/min/m2, and we found that serial SVRI values were sig-
nificantly lower in the mortality group compared with the
survival group. In addition, in the mortality group, despite
a gradual increase in SVRI, the prolonged duration of low
SVRI meant a longer period of tissue hypoperfusion, indicat-
ing more organ damage [20]. Therefore, lower serial SVRI
values can be used as an earlier marker of disease severity
and insufficient resuscitation. Titrating vasoactive-inotropic
agents to increase the SVRI should be performed immedi-
ately in children with persistent catecholamine-resistant
shock and may potentially be used to guide resuscitation.

Measurements of serum lactate during resuscitation from
septic shock are highly recommended in sepsis guidelines
[22]. High blood lactate level at admission is associated with
mortality in septic and other critically ill children [23, 24].
Serial serum lactate may provide a prognostic tool during
resuscitation and a normalized lactate within 4 hours is
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Figure 2: Correlation between lactate and hemodynamics. (a) Cardiac index (CI) and lactate. (b) Systemic vascular resistance index (SVRI)
and lactate. (c) Perfusion pressure (=mean artery pressure- (MAP-) central venous pressure (CVP)) and lactate.
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associated with better outcomes in pediatric sepsis [25]. Tis-
sue hypoperfusion and mitochondria dysfunction are the
main course of hyperlactatemia in sepsis. Severe lactic acido-
sis can also worsen vascular consequences and vasodilata-
tion, so that peripheral vasodilatation and hyperlactatemia
affect each other. This may explain the high correlation
between lactate and SVRI. However, there is currently no sin-
gle and effective treatment to reverse hyperlactatemia
directly. The use of inotropic agents to elevate CO to improve
tissue oxygen delivery for treating hyperlactatemia and low
central venous oxygen saturation is a widely accepted thera-
peutic strategy [26]. In the current study, we demonstrated
a positive correlation between lactate and CI (r = 0:248, p =
0:048) in children with persistent catecholamine-resistant
shock, and an even better correlation between lactate and
SVRI (r = −0:711, p < 0:001), which is comparable with
results of animal studies [27]. Therefore, when a septic child
initially presents with a lower SVRI and hyperlactatemia,
vasopressors such as epinephrine or norepinephrine instead
of inotropic agents may be administered as the initial resus-
citation agents to increase SVRI and decrease “functional

shunting.” Further studies comparing different vasoactive
agents with different hemodynamic status and lactate clear-
ance are warranted.

The current study used dopamine as the first-line
vasoactive-inotropic agents before 2018 based on the 2008
Surviving Sepsis Campaign International Guidelines [28].
In recent years, two randomized control trials demonstrated
that epinephrine may be better than dopamine as the first-
line vasoactive-inotropic agents in treating pediatric septic
shock [29, 30]. But these two studies did not analyze the
pathophysiology to explain why epinephrine was better than
dopamine in pediatric septic shock. The 2020 Surviving Sep-
sis Campaign International Guidelines reported that they
were unable to recommend a specific first-line vasoactive-
inotropic agent for pediatric septic shock. The guidelines
only suggested that using epinephrine or norepinephrine,
rather than dopamine can be the first-line vasoactive-
inotropic agents in pediatric septic shock (weak recommen-
dation, low quality of evidence) [31]. The current study
demonstrated that SVRI may be an early andmore important
parameter than CI for predicting outcomes in pediatric septic
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Figure 3: Receiver operating characteristic (ROC) curves and the area under the ROC curves (AUC) and cut-off points of initial SVRI and
simultaneous serum lactate for predicting 28-daymortality. Initial SVRI (a, AUC 0.923, cut-off point 1140 dyn·s·cm-5·m2, p < 0:001) was more
powerful than simultaneous serum lactate (b, AUC 0.824, cut-off point 52.6mg/dL, p = 0:005) for predicting 28-day mortality.

Table 2: Best predictive power for different cut-off points of systemic vascular resistance index in persistent catecholamine-resistant shock at
each 6-hour interval within the first 24 hours.

Time (hours) SVRI (dyn·s·cm-5·m2) Sensitivity Specificity LR+ LR- Youden index

0 1140 0.8 0.89 7.2 0.23 0.7

6 1011 0.7 0.91 7.7 0.33 0.6

12 977 0.8 0.9 8 0.22 0.7

18 987 0.75 0.9 7.5 0.28 0.7

24 1284 0.75 0.88 6.8 0.28 0.6

SVRI: systemic vascular resistance index; LR+: positive likelihood ratio; LR-: negative likelihood ratio.
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shock. Therefore, the α-adrenergic agonists such as epineph-
rine or norepinephrine may be better than dopamine poten-
tially to increase SVRI based on the pathophysiology. Future
prospective studies are warranted to analyze the change of
hemodynamics and other important parameters on out-
comes under different vasoactive-inotropic agents.

This study has several limitations. First, the sample size
was small and retrospectively conducted at a single center,
and therefore, there were risks of missing data and informa-
tion bias. However, similar results have been reported in
adult and animal studies. Second, the study was conducted
over a relatively long period (10 years) during which the ther-
apeutic strategy may have evolved, such as the choice of
parameters for resuscitation end-points or the choice of anti-
biotics, which may have impacted the outcomes. However,
the chief of our PICU has implemented early-goal directed
therapy since 2001 and administered last-line antibiotics for
children with septic shock.

5. Conclusions

The current study with very few patients demonstrated that
SVRI was an early factor associated with mortality in pediat-
ric patients with persistent catecholamine-resistant shock
potential and had a good correlation with serum lactate. A
lower SVRI was correlated with hyperlactatemia and was an
early risk factor predicting mortality. An elevated SVRI dur-
ing the first 24 hours of resuscitation in persistent
catecholamine-resistant shock was associated with favorable
outcomes, and its high correlation with serum lactate may
have resulted in the decrease in serum lactate level. Future

studies should include more patients to avoid the risk of
information bias caused by a small sample size.
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Figure 4: Survival at day 28 related to systemic vascular resistance index (SVRI). The survival rate was (a) only 7.7% if the initial SVRI was less
than 1140 dyn·s·cm-5·m2 and (b) 11.1% if the SVRI was less than 1284 dyn·s·cm-5·m2 after 24 hours of treatment.
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