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ABSTRACT

Thethree pathophysiol ogic contributorsto septic shock include varying combinations of hypovolemia(rel ative > absol ute), decreased
vascular tone or vasoplegia, and myocardial dysfunction. Thethree pillars of hemodynamic support includefluid boluses, vasopressors
with or without inotrope infusions. Thethree end-points of hemodynamic resuscitation include an adequate cardiac output, adequate
mean arterial pressure (MAP) and diastolic blood pressure (DBP) for organ perfusion, and avoiding congestion (worse filling)
parameters. Only 33-50% of septic patients show post-fluid bolus CO improvements; this may be sustained in > 10% on account of
sepsis-mediated glycocalyx injury. A pragmatic approach is to administer a small bolus (10 mL/kg over 20-30 min) and judge the
response based on clinical perfusion markers, pressure elements, and congestive features. Vasoplegiamarked by low DBPisamajor
contributor to hypotension in septic shock. Hence, astrategy of restricted fluid boluswith early low-dose norepinephrine (NE) (0.05-
0.1 pg/kg/min) can be helpful. NE may also be useful in septic myocardial dysfunction (SMD) asaninitial agent to maintain adequate
coronary perfusion and DBPwhile minimizing tachycardiaand providing inotropy. Severe SMD may benefit from additional inotropy
(epinephrine/dobutamine). Except vasopressin, most vasoactive drugs may safely be administered viaa peripheral route. The lowest
MAP (5th centilefor age) may be an acceptabletarget, provided end-organ perfusionissatisfactory. A clinical individualized approach
combining the history, serial physical examination, laboratory analyses, available monitoring tools, and repeated assessment to
individualize circulatory support may tolead to better outcomesthan one-size-fits-all algorithms.
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Sepsis is a leading cause of morbidity, mortality, and
hospitalization for children worldwide with > 80% of
sepsis occurring in lower- and middle-income countries
(LMICs) [1]. The 2020 Pediatric Surviving Sepsis
Guidelines Campaign (peds-SSC) compiled evidence-
based recommendations [2]. However, there was only
limited evidence to guide the care in healthcare settings
such as Indiawith only few trained pediatric intensivists
and level 1 and 2 pediatric intensive care units (PICUs)
and fewer level 3 PICUs, even vastly insufficient for the
vast Indian pediatric population, which occupy a vast
middle ground between high-income countries and health
facilities where the ‘Fluid Expansion as Supportive
Therapy (FEAST) study’ wasconducted[3]. Inthisarticle
we will discuss ten concepts in the hemodynamic
management of pediatric septic shock that may be helpful
for the bedside pediatrician.

1. Pathophysiology of sepsis and septic shock
Sepsis and septic shock occur because of a dysregulated
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host responseto not just bacterial infectionsbut alsoviral,
fungal, and parasiticinfections. Theensuing inflammatory
response is a complex interaction between the inciting
pathogen, the host immune response, pro- and anti-
inflammatory cytokines, among others. The severity and
responseto treatment may bealtered by host and pathogen
factors such asage, genetic susceptibility, microbial load,
virulence etc. A dysregulated host response may be
recognized by the presence of multi-organ dysfunction,
often remote from the infective focus. Cardiovascular
dysfunctioninthesetting of sepsis, called as septic shock,
representsthe severest form of sepsis. Clinical features of
pediatric septic shock may have a combination of 3 or
more of thefollowing: tachycardia(whichispersistent and
disproportion to fever), decreased peripheral perfusion,
with feeble/absent or bounding peripheral pulses, low or
normal mean arterial pressure (MAP), altered conscious-
ness/irritability, capillary refill time (CRT) that isflash or
prolonged > 2 seconds, mottled or cool extremities, and
decreased urine output [4].

Children, like adults, may have various clinical
phenotypes, of which the vasoplegic/vasodilatory pheno-
type of septic shock may be most common [5]. Thethree
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fundamental pathophysi ol ogic contributorsto septic shock
include hypovolemia, decreased vascular tone (or
vasoplegia), and cardiac dysfunction [5,6]. However,
these may not be clinically obvious at presentation, and
may dynamically progressduring theinitial 24-48 h.

The three main pillars of cardiovascular support
includefluid bolus (FB) administration to restore adequate
circulating volume, vasopressor infusions to maintain
vasomotor tone, and inotropes to improve cardiac
contractility.

Thethree end points/goals of effective hemodynamic
resuscitation include an adeguate cardiac output (CO); the
clinica markers of which include a good extremity
perfusion, and normal CRT, asufficient MAPand diastolic
blood pressure (DBP) to ensure adequate organ perfusion,
and avoiding worsening of filling (respiratory) parameters,
as discussed further. Furthermore, shock resuscitation
must optimize both macrocirculatory variables (CO,
MAP) as well as microcirculatory parameters (regional
blood flow distribution), of which capillary refill time
(CRT) may beasurrogate[7].

2. Early recognition, screening tools and initial
stabilization

Most childhood infections are not associated with
cardiovascular failure (septic shock) or other organfailure.
Only asmall minority may progressto septic shock; early
recognition of this subset based on certain “Red flags” is
imperative so that immediate resuscitation is instituted.
Pediatricians must have age-appropriate vital parameter
values(Tablel) prominently displayedintheir clinicsand
wards so that the frontline caregivers are able to identify
thosein need of urgent intervention. Implementation of a
septic shock identification/screening/trigger tool [8]
which combinesvarious conditions(e.g., high-risk patient
conditions, abnormal vital signs, and/or physical findings)
may help prompt further evaluation or referral.

3. Circulating volume in septic shock and the
responseto fluid boluses

Therearedifferencesin hypovolemiainfluid-losing states
compared to septic shock. Fluid lossesintheformer (e.g.,
diarrhea/vomiting) resultsin absolute hypovolemia. Here
thefluid losses|ead to decreased venousreturn (VR) and
thereby decreased CO, with compensatory risein systemic
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vascular resistance (SVR), recognized clinically by cold
extremities with narrow pulse pressures [4]. Fluid
replacement leadstoimproved VR, CO and normalization
of theelevated SVR.

However, septic shock is not a primary fluid-losing
state, and relative hypovolemia (dueto redistributed blood
volume) is far more common than absol ute hypovolemia
[8,9]. Moreover, the SVR isoften low in septic shock, this
is discussed further below. The response to fluid bolus
(FB) isvariablein septic shock. Disruptions of the inner
lining of the vascular endothelium are unique to inflam-
matory states including sepsis [10]. Glycocayx injury
increasesvascular permeability, and interstitial fluid shifts
may be further potentiated when FB are rapidly adminis-
tered [10]. Interestingly, while FB generaly corrects
hypotension in both hypovolemic states as well as septic
shock, in some patients, fluid loading itself may potentiate
sepsis-associated vasoplegia, and lead to lower MAP and
diastolic BP [11,12]. Adverse effects of large-volume
fluids may be observed in several organs, including the
cardiovascular system, lungs, and brain [13]. Moreover,
fluid-induced hemodilution may result in paradoxical
decreaseintissue oxygen delivery [14].

The variable response to FB in septic shock suggests
that, after the initial 20mL/kg bolus (provided in two
aliquotsof 10 mL/kg each), every subsequent bolus must
beearned, rather than being automatically prescribed.

Fluid bolus prescriptions in septic shock

Cautious initial fluid resuscitation using isotonic
crystalloids at 10 mL/kg over 20-30 min may be safely
administered, and the response carefully monitored. If
there is no worsening, and the history indicates ongoing
fluid losses (diarrhoea + vomiting), the FB may be
repeated and titrated to match thelosses[15].

Fluid type

Large volumes of norma saline may induce
hyperchloremic acidosisand increased incidence of acute
kidney injury [16]. However, if lower volumes (< 20 mL/
kg) are infused, these complications are unlikely, and
thereforethe choiceof crystalloid may not matter [17].

Monitoring the response to FB

During FB administration, trends in clinical perfusion

Tablel Age-appropriatevital parameter values

\ital sign parameter Age<ly 15y >5-10y >10-16y 2>16-18y
Heart rate (beats/min) (Upper limit of normal) 180 140 120 100 90
Minimum systolic blood pressures (<5th centile(mmHg) <70 (70+age) x2 (70+age) x2 90 90
Respiratory rate (breath/min) (Upper limit of normal) 60 40 30 30 16

INDIAN PEDIATRICS

January 09, 2024 [E-Pus AHEAD OF PRINT]



Ranjit, Natraj

Suggested Pathway for fluid &
vasoactive titration in Septic Shock

Initial
Intervention

Fluld bolus, 10 ml/kg
over 20 min

repeat if fluid-losing states

[+

Flow & perfusion

Pressure parameters
SBP, MA,I;a DBP &

Filling / tolerance

BP: Blood pressure; CO: Cardiac output; CRT: Capillary refill time; DBP: Diastolic blood pressure; HR: Heart rate; MAP: Mean arterial pressure;

Filling
Unchanged respiratory
mechanics & O2 requirement

Consider more
fluid bolus

paramctcrs parameters
HR, extremity temperature, CRT, . .
urine output, mental status D s Hespura:lo gqlﬂn?ghmaennlt,m :
%pammga'v
I
I ]
Flow / perfusion Flow / perfusion Flow / perfusion
Not improved Unchanged or better Worse
Filling Filling Filling
Unchanged respiratory Unchanged respiratory Respiratory mechanics worse,
mechanics & O2 requirement mechanics & O2 requirement increased O2 requirement
e =l -
N’ S
) T — N f \
3 Consider Consider vasopressor Consider inotrope
S (norepinephrine) {epinephrine)
more fluid bolus @ 0.05-0.1 meglkg/min @ 0.05-0.1 meg/kg/min
J | /’@\ J | U LN
||
Flow I_perfus ion Flow / perfusion Flow / perfusion
Not improved Unchanged or better Worse

ging Filling
Unchanged respiratory . r
mechancs & O riqaroment | | | Penpraony mechoncsworo,
e &

Increase NE,
consider vasopressin

if NE dose = 0.2meg/kg/min)

Add / increase inotrope
(epinephrine)
@ 0.05-0.1 meglkg/min

Further fine-tune fluids and vasoactives by integrating the response fo each intervention,
perform POCUS at any step (if expertise available)

NE: Norepinephrine; POCUS: Point of care ultrasound; SBP: Systolic blood pressure

Fig. 1 Suggested pathway for fluid and vasoactive agent titration in pediatric septic shock
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Tablell Ten Commandmentsfor Fluid Bolus(FB) Administration in Septic Shock

Clinical concepts

Clinical considerations

Implicationsat the bedside

Hypovolemiain fluid-losing
states(e.g., vomiting,
diarrhea, hemorrhage)
resultsin absolute
hypovolemia

Hypovolemiain septic shock

Thegoal of FB inshock isto
increasethe CO, and thereby
improvetissue O2 delivery.

Vascular tone changes after
FB

Monitoring the CO response
to fluid bolus

Satictestsfor FR

Dynamictestsfor FR

Dynamictests: limitations

Fluid overload vsfluid
intolerance

*Absolute hypovolemia: fluidislost
fromthebody.

*Absolute hypovolemiamay also occur
incapillary leak states: fluidislost from
thevascular compartment.

* Large-volumefluidlossmay resultin
hypotension.

* Relative >> absolute hypovolemia.

* Fluidisre-distributed in dilated venous
capacitance vessels (distributive shock).

» Hypotension in septic shock reflectslow
vascular tonerather than large volume
fluid deficits.

« In septic shock, FB increasesthe COin
only ~50% (i.e., fluids have no benefitin
theremaining half, and may harm).

* Evenif the CO increases, theresponse
may be sustained in < 10% by 60 min.

» TheBPresponseto FB may be
unpredictable.

* FB may improve BP parametersin most.
* FB may haveavasodilatory effectin
some septic patients.

* MAP (or DBP) definesthe perfusion
pressuregradient inmany vital regions.
Fluid-responsiveness (FR) testsaimto
predict which patientswill respond with
increasein CO after FB.

* CVPisthebest-known static test for FR.
* CVPprincipaly reflectsmyocardial
function, andisaround zero in patients
with normal heart function.

* Dynamic FR testsrely on heart-lung
interactionsand are based on the principle
of inducing brief changesin cardiac pre-
load, and then observing for increasein CO.
Inafluid responsive patient, CO increases
by 10-15% from baseline.

« Dynamic testsrequire many pre-condi-
tionsthat may beimpractical (Invasive
ventilation, no spontaneous breathing etc)

* Fluid overload (FO) describesapatient
who developsrespiratory deterioration
when too much fluid administered
(hypervolemia).

* However, in severe capillary leak states

¢ Influid-losing states, rehydration restores
circulating volume, preload, and CO.

* Rehydration should aim to match ongoing
losses.

* Larger volumeFB isindicated if the patient is
hypotensive.

« In septic shock, aninitial fluid bolusof 10
mL/kg+10mL/kgisreasonableasit addresses
the minor element of absolute hypovolemia.
 Hypotensionin septic shock isbest addressed
by low dose norepinephrine (rather than large
volumeFB).

« Disruptionsin glucocalyx (which hasagate-
keeper role) may explainthefailureof COrise
after FB isseptic shock.

« Eachinfused FB may further damagethe
glycocalyx, leading to further increase capillary
leak.

 Theclinician must monitor changesin
pressure parametersafter FB in additionto
perfusion markers.

« If theMAP+ DBPfallsafter FB, further FB
must be discontinued.

« Alternative strategies such asvasoactive
infusion may be considered.

« If the FR testsnegative, unnecessary FB can
be avoided in non-responders.

* CVPhasfallenout of favour asitis
unreliableasanintra-vascular volume
indicator.

*Asignificantincreasein CVPafter FB a
should raise suspicion of myocardial
dysfunction.

* Dynamic FR testsusetherespiratory variation
of thearterial linewaveform (pulse pressure
variation or PPV).

* Dynamic FRtestsare not practical to perform
inclinical practice.

» CO changesare challenging to measure.

« Right ventricular (RV) dysfunction may cause
falsea FR positivetest. Here, fluidloading can
be harmful.

« Strategiesfor fluid intolerance dependson the
cause.

« Inthesetting of capillary leak, consider
continued slow filling, colloidsand (non-
invasive) respiratory support.
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from pre-page

Clinical concepts

Clinical considerations

Implicationsat the bedside

10  Arestrictivefluid adminis-
tration protocol + early
vasoactiveinfusion may be
beneficial for the patient

(dengue shock), respiratory status deterio-
ration may occur even whenthepatientis
still hypovolemic. A preferredtermis
fluid-intolerance (FI).

« If septic shock unresolved after FB upto
20mL/kg or if hypotensionispresent,
early vasoactive support isrecommended
rather than giving more FB.

« In hypotensive septic shock, concurrent

Restrictivefluids + early vasoactiveregimen
may decreasethe need for PICU organ support
(ventilation, dialysis).

vasoactive (with FB) achievesrapid
control of the BPand perfusion.

BP: Blood pressure; CO: Cardiac output; CRT: Capillaryrefill time; CVP: Central venous pressure; DBP: Diastolic blood pressure; HR: Heart rate;
ICU: Pediatric intensive care unit; MAP: Mean arterial pressure; SBP: Systolic blood pressure

markers, pressure elements, and filling (evidence or fluid
overload/ fluid intolerance) must be monitored (Fig. 1).

Tablell illustratesthe considerationsfor fluid bolusin
septic shock.

4. Decreased vasculartone or vasoplegia

A cardinal mechanism of vasodilatory/vasoplegic shock is
vascular smooth muscle relaxation. The vasoplegic
syndrome is encountered in many clinical scenarios,
including post-cardiac bypass, after burns and trauma
[18], and may be present to variable degrees in pediatric
septic shock, with an Indian study reporting vasodilatory
shock in more than 85% children [5]. Vasoplegia or
pathologically low systemic vascular resistance (SVR) is
the major contributor of hypotension in septic shock, and
isrecognized by low DBPwith low or norma MAP, wide
pulse pressures (PP) [PP > Systolic Blood Pressure (SBP)
/ 2] and bounding extremity pulses[5,19].

Vasoplegiamust berapidly corrected to prevent organ
hypoperfusion. Organ perfusion is determined by the
pressure gradient perfusing each organ, for example,
cerebral perfusion pressureisdetermined by thedifference
betweenthe MAP and intracranial pressure (ICP), and the
renal perfusion pressure is the difference between MAP
and central venouspressure (CVP). Alow DBPisareadily
available marker of low arterial tone in septic shock,
however, cliniciansoften focuson the SBPand MAP, and
overlook the DBP[20]. A low DBPmay decrease coronary
perfusion with co-existing tachycardia doubling the
detrimental effects onthe heart [21]. DBP< 50 mmHgis
considered low in adults and age-appropriate pediatric
DBP cut-offs have been reported in the 2020 Pediatric
Advanced Life Support (PALS) Manua [4]. DBP > 25
mmHg ininfantsand > 30 mmHg childrenaged>1y was
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associated with survival after cardiopulmonary
resuscitation (CPR) [22].

The pulse pressure (PP = SBP - DBP) correlates with
strokevolume (SV), and cliniciansmay suspect ahigh SV
typical of avasodilatory circulationif thepulsepressureis
high. Conversely, if the PPisnarrow, alow SV from either
hypovolemiaz+ decreased cardiac function may be present.

Clinicians must be mindful that well-intended
therapies that aim to correct hypotension/hypoperfusion
can exacerbate vasodilatation and lead to lower BP in
some patients. For example, fluid resuscitation itself may
have a vasodilatory effect [23,24] possibly due to
glycocalyx injury [25]. Inodilators such as milrinone may
improve the CO/forward flow but can vasodilate and
decrease organ perfusion pressures[26].

A low SVR isthe major contributor of hypotensionin
septic shock [27]. While large-volume FB is often
recommended in the presence of hypotension or cardio-
vascular collapse [2], a preferred pathophysiological
strategy may be the prompt start of vasopressor such as
norepinephrine concurrently with, or soon after theinitial
FB[10,27].

The administration of stress-dose steroids is
controversial [2], but may improve vasoactive responsive-
ness, and is often administered if shock is unresolved
despite initia fluid and vasoactive support. Intravenous
hydrocortisone (1 mg/kg/dose g6h; max 50 mg) may be
commenced when the second pressor is being started.
Earlier steroid administration (within the 1st h) ishelpful
in chronic steroid-dependent patients.

Table Il summarizes the pathophysiology and
conseguences of vasopl egiain septic shock.
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Tablelll Pathophysiology and Consequencesof Vasoplegiain Septic Shock

Pathophysiology

Consequences

Implicationsfor theclinician

Vasodilatationismajor
player in septic shock

Vasodilatation can affect
arterial and venous
capacitancevessels

Unintended consequences
of common therapies:
Vasoplegiamay worsen

Low arterial toneleadsto hypotension (low
MAP?, low DBP?).DBPisauseful marker of
arterial tone, but rarely givenimportance

Vasoplegiaof venous capacitancevesselsisthe
main cause of “relative” hypovolemiaand
distributive shock. Circulating volume accumu-
latesinthe expanded “ unstressed” compartment,
and venousreturn decreases

FB may potentiate vasoplegiaand convert a
hypodynamic to hyperdynamic circulation.
Inodilators such as milrinone can also potentiate

Low arterial tonemay berecognized at
presentation, or after fluid loading. Physicians
must monitor MAPaswell asDBP

Largevolume FB canimprovevenousreturn,
but effectsareill-sustained.

Low dose pressors (NE) addressesthe deranged
pathophysiology and canimprove venousreturn
and CO in asustained manner.

Early vasoactives can havea“fluid-sparing”
effect, and decreasethe need for ICU resources

If theMAPand/or DBPfallsafter FB, initiate
early vasoactive (NE) rather than repeated FB.
For myocardial dysfunction, epinephrine may be

with FB or inodilator agents  vasoplegia.

Organ perfusion suffers Venous congestion dueto RV dysfunction may
most when upstream be seenin 25% of ventilated patientswith
pressureislow (low MAP/  pneumoniad ARDS

DBP) and downstream

pressuresare high (high

CVP or venous congestion)

preferableto inodilators. Avoid inodilator agents,
if possible, during theinitial 24 h.

Evenif dobutamine used, combination with
pressor may help safeguard against hypotension.
Therapeutic strategiesto optimise organ
perfusion pressureinclude maintaining adequate
MAP/DBPwith consideration for early
decongestion to lower venous pressures.
Hypotension withlow MAP and/or DBP must
becorrected rapidly.

ARDS: Acute respiratory distress syndrome; BP: Blood pressure; CO: Cardiac output; CVP: Central venous pressure; DBP: Diastolic blood
pressure; FB: Fluid bolus; MAP: Mean arterial pressure; NE: Norepinephrine; RV: Right ventricular; SBP: Systolic blood pressure; SVR: Systemic

vascular resistance
aMinimum MAP (mmHg) for age: 1-6 mo: > 40; 7-12 mo: > 45;
MAP (5th percentile at 50th height percentile) = 1.5 x agein years + 40.

For CNSinfectionswith raised ICP: MAP (50th percentile at 50th height percentile) = 1.5 x agein years+ 55[11,50]

bMinimum DBP for age[3]

5. Cardiac derangements in septic shock and the
importance of ‘loading’ conditions

Septic myocardia dysfunction (SMD) may be present in
40-50% of septic shock patients [28]. Left ventricular
(LV) systolic dysfunction is most commonly described,
however LV diastolic dysfunction and right ventricular
(RV) systolic dysfunction may also be present, both of
which havehigher mortality [29,30].

Myocardial dysfunction in septic shock has several
important differencesfromtypical cardiogenic shock due
to viral myocarditis. Viral myocarditis presents with low
CO, compensatory high SVR (manifesting asnarrow pulse
pressures and poor extremity perfusion), elevated filling
pressures (recognized by early pulmonary edema), and
low mixed venous saturations reflecting high tissue
oxygen extraction. The cardiovascular support in vira
myocarditisemphasi zesinodilator use and diuretics.

In contrast, the manifestations of SMD (typicaly LV
systolic dysfunction) are crucially dependent on loading

INDIAN PEDIATRICS

conditions: preload (volume status) and moreimportantly
the afterload or SVR [31]. This explains why at presen-
tation, when theafterload islow, the poor LV function may
not be clinically obvious. The low afterload promotes
forward flow and ‘ masks' clinical featuresof SMD, which
may become ‘ unmasked’ when thelow afterload israised
with pressors. Other features of SMD include normal or
even elevated mixed venous saturations (dueto decreased
tissue oxygen extraction) [5,32] and reduced ventricul o-
arterial coupling [33].

Whilethelow SVR promotesforward flow in patients
with SMD, thereisapotential for coronary ischemiaif the
DBPistoolow. Inthissetting, the overarching therapeutic
goalsareto maintain an adequate coronary perfusion/DBP,
minimize myocardia demands (tachycardiacontrol) while
providing someinotropy. L ow-dose norepinephrine (NE)
(0.05- 0.1 pg/kg/min) infusion may fulfil these goalsin
patients with mild/moderate SMD, as it has apha
mediated vasoconstriction, minimal chronotropy, modest
inotropy, and improves ventriculo-arterial coupling
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without imposing excess afterload [21,34]. However, in
patients with severe SMD, the cardiac function may
deteriorate after NE initiation, and inotropy may be
indicated.

The impact of norepinephrine on cardiac function
dependson the bal ance between the potentially beneficial
effects (improved ventriculo-arterial coupling, increased
coronary artery perfusion, modest inotropy) vsthe higher
afterload [33,35]. A safe strategy isto start with the lowest
dose of norepinephrine (0.05 pg/kg/min) and carefully
monitor the patient’sflow/pressureand filling parameters
in conjunction with serial echocardiography (Fig. 1) to
identify patientswho require additional inotropy.

Low-dose epinephrine 0.05 - 0.1 pg/kg/min, or
dobutamine 5-10 pg/kg/min may be useful, while
continuing norepinephrine 0.05 - 0.2 pg/kg/min for
coronary perfusion; the combination may successfully
restore the hemodynamicsin this challenging subset with
combined SMD and vasopl egia.

Inodilator use (milrinone) can be especially
deleteriousin theinitial 24 h givenitsvasodilatory effect
and longer-half-life (compared to catecholamines), and
may be best considered after theinitial 1-2 days.

6. Choice of initial vasoactive in pediatric septic
shock

Catecholamine vasoactive agents are the most popular
agentsinthe ER and ICU asthey have arapid onset, and
more importantly, a very short offset/haf-life (2-3
minutes). While life-saving, they are extremely potent,
with a narrow therapeutic index and several potentially
lethal complications [36]. An individualized approach
considering the risk-benefit profile, using minimal
effective dosesto achieve precise therapeutic targets, and
attemptsto discontinue these agentsas soon aspossibleis
important.

Most vasoactives (except vasopressin) may safely be
administered via a periphera route provided a well-
secured, clearly-labelled, largest bore intravenous (1V)
catheter proximal to the elbow is used, and this line is
dedicated only to diluted-strength vasoactive infusions
[37]. Intraosseousinfusions may be used until intravenous
accessissecured. If vasoactiveinfusionsarerequired for >
6-12 hduration, acentral line may be necessary, unlessthe
circulatory parametersare clearly improving. Training of
healthcare staff in the handling of vasoactives infusions
whether infused via a peripheral or centra line is
mandatory to minimize complications.

Epinephrine or norepinephrine?

Epinephrine was previously considered a preferred agent
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in pediatric septic shock, as its powerful inotropy may
address SMD, and also co-existing vasoplegia at higher
doses (>0.2ug/kg/min). However, epinephrine-induced
sympathetic overstimulation often increasestachycardia,
worsens markers of myocardial injury and myocardial
oxygen demand [38], and has been reported to be
associated with higher mortality in adults[39].

Norepinephrine with its potent o, -adrenergic pressor
effects with mild B-agonist mediated inotropy is highly
beneficia intheinitial phase of resuscitation [33], andis
used asafirst-line agent in pediatric septic shock by many
pediatric intensivists [40]. Norepinephrine can improve
vascular tone (and thereby the DBP/MAP), increase
venousreturn by reversing the distributive shock, support
coronary perfusion and myocardial contractility, improve
ventricul o-arterial coupling and help sustain CO and tissue
perfusion [41]. Norepinephrine doses between 0.05-0.2
pa/kg/minaregenerally safe; higher dosescanincreasethe
blood pressure, but may worsen the cardiac function and
decrease the micro-circulatory perfusion by excess
vasoconstriction[35].

Myocardia depression may becomeclinically evident
in some patientswhen the hypotensioniscorrected, and if
more inotropy is considered necessary, epinephrine or
dobutamine may be added depending on the BP para-
meters(Fig. 1).

If hypotension with persistent low DBP suggestive of
persistent vasoplegiais observed even on norepinephrine,
vasopressininfusion at 0.0005-0.002 units/kg/min may be
added; stress dose steroids initiation may improve the
efficacy of pressor agents[27].

7. Endpoints of therapy and hemodynamic
monitoring

The same signs of poor perfusion that are used to
recognize shock are also useful to determinethe patient’s
response, and a combination of perfusion and pressure
parameters may indicate shock reversal.

In some patients, tachycardia may persist long after
other parameters have normalized. Similarly, hyper-
lactatemia may have causes other than tissue hypo-
perfusion. Moreover, lactate clearance may bedelayed in
sepsis [42]. Therefore, isolated tachycardia or hyper-
|actatemiawithout other signsof hypoperfusion should not
be aggressively treated, but carefully observed. CRT
normalization may be better than lactate as an end-point
for septic shock resuscitation [7].

A Foley’s catheter must be inserted early, and hourly
urinetrendscharted. Normal urineflow isreassuringasan
indicator of adequate perfusion, unless hyperglycemia,
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kidney injury, or recent diuretic administrationispresent.

Invasivearterial monitoring ismore accurate than non-
invasive blood pressure (N1BP) monitoring, but may have
logisticissues. Thereliability of NIBPisoften questioned,
but may be increased by using age-appropriate arm cuffs
(rather than lower limb), and taking more than one
measurement [43,44]. With respect to target MAP, the
lowest MAP (5th centile for age) may be accepted
provided end-organ perfusion (mental status, extremity
perfusion, urine output, etc) are satisfactory. While this
strategy may be helpful to avoid high-dose vasoactives, a
higher MAP (=50 centilefor age) may be necessary inthe
presence of raised intracranial pressure, right ventricular
failureor venous congestion.

Once the end-points of shock resuscitation have been
reached, it isimportant to expeditiously begin vasoactive
weaning and discontinuation. However, given the lack of
evidence, there is a variability in the practice regarding
weaning and discontinuation of vasoactive support. After
circulatory parameters have resolved, arapid vasoactive
taper and discontinuation over 3-6 h with careful
monitoring for shock recurrence is practiced in some
centres, while other centres maintain vasoactive support
for 24-48 h prior to start of wearing. Any recurrence of
instability during weaning should prompt re-start of
vasoactive support and workup of unresolved shock
described in #10 below. If vasopressin has been used, it
should beweaned last [27].

8. Bedside approach to fluid and vasoactive
titration

A clinical individualized approach combining the history,
seria physical examination, laboratory analyses, available
monitoring tools, and repeated assessment to individualize
circulatory support may to lead to better outcomes than
one-size-fitsall agorithms. The response to each
therapeutic intervention (fluid/pressor/inotrope) may
provide crucial information to decode the individual
patient’s underlying pathophysiology (Fig.1), even if
echocardiography is unavailable. The clinician at the
bedside must integrate information from changes in
“flow” parameters (perfusion markers including CRT,
limb/extremity temperature), “pressure’ parameters
(MAP, SBP, DBP, pulsepressure) and“ filling” parameters
(respiratory mechanics, oxygen requirement, hepa-
tomegaly) in responseto each intervention[6].

a) For example, theinitial FB may be considereda“ fluid
test”, and evaluation of flow/pressure/filling para-
metersmay help to determinethe next best therapeutic

step.
- If theadministered FB isinsufficient to match fluid
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losses, hypoperfusion will persist with narrow pulse
pressures and unchanged lung mechanics. Those
with significant myocardial dysfunction may exhibit
continued poor perfusion with narrow pulse
pressure but with worsened respiratory mechanics.
In patientswith ahyperdynamic phenotype, the FB
may either lead to unchanged pressure parametersor
lead to lower DBP by worsening/unmasking the
vasoplegic state.

- However, if the underlying pathophysiology is
unclear after the initial 10-20 mL/kg fluid, it is
reasonable to start with alow dose norepinephrine
infusion (0.05-0.1 pg/kg/min), given that 85% of
children with septic shock are vasodilated despite a
clinical “cold shock” phenotype, and about 50%
have decreased myocardial function[5].

b) Norepinephrinemay beinitiated at 0.05-0.1 pg/kg/min
asan initial vasoactive, here the norepinephrine may
beconsidered asa* pressor test” and analysisof flow/
pressure/filling parameters hel psto determinethe next
therapeutic step.

- Many children, including those with mild myo-
cardial dysfunction, improve after the combination
of modest initial fluid bolus + norepinephrine
infusion [34]. However, afew patients may require
one or more of three additional therapies. more
fluid, more pressor and/or moreinotropy.

- More fluid at 10mL/kg aliquots may be provided,
especialy if thereishistory of ongoing fluid-loss.

- Additional pressor support may be required if the
integrated flow/pressure/filling parametersindicate
continuing vasoplegic shock (flow parameters
indicating bounding pulses, pressure parameters
indicate low DBP with wide pulse pressures, and
filling parameters unchanged). Options include
increasing norepinephrine dose to 0.2 pg/kg/min
and/or adding vasopressin.

- More inotropy may be helpful in a child with low
volume pulses, prolonged CRT, low/norma MAP
and DBP with narrow pulses pressures, and filling
parameters indicating lung congestion (worsened
respiratory mechanics, increased oxygen require-
ment). Inotrope choice includes either epinephrine
or dobutamine depending on the pressure
parameters.

¢) Epinephrine at doses of 0.05-0.2 ug/kg/min may be
started as the first-line vasoactive after initial fluid
bolusasan* inotropetest” , and if shock isunresolved,
analysis of flow/pressure/filling parameters helps to
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determine the next therapeutic step. Improved
perfusion aswell as pressure parametersindicate that
epinephrineishelping. In non-responders, worsening
tachycardia+ fall in pressure parameters may warrant
re-evaluation. Hypotension may occur as epineph-
rin€'s alpha-effect may be insufficient to address
vasoplegia unless higher doses (> 0.2 ug/kg/min) are
used. Inthissubset, aswell in patients with complex
pathophysiol ogy, Point-of-Care Ultrasound (POCUS)
performed by experienced personnel may be helpful.

9. Respiratory support

Similar to other life-threatening conditionsin children, the
physician must assessif theairway patency issatisfactory,
if oxygen supplementation is required, and assess the
patient’srespiratory drive and work of breathing. Patients
with refractory shock with/without worsening respiratory
status may require additional respiratory support, and a
trial of non-invasive positive pressure ventilation (NIPPV)
or high-frequency nasal cannulaoxygen (HFNC) support
can improve oxygenation and decrease the work of
breathing in some patients.

However, close patient monitoring and education of all
healthcare staff is essential, as children whose cardio-
respiratory statusfailstoimprovewithintheinitial 1-2 h of
initiating NIPPV/HFNC are a high-risk subset with high
mortality risk unless expert intubation and controlled
ventilationisexpeditiously carried out [45]. Early referral
to a higher facility must be considered if the cardio-
respiratory statusisnotimproving.

Indications for intubation and positive pressure
ventilation (PPV) arevariable, and usually include cardio-
pulmonary arrest, deteriorating mental status with a
Glasgow Coma Score <8, inability to maintain a patent
airway, and refractory shock with escalating lactatelevels
despite optimizing fluidsand vasoactive support.

It should be understood that PPV may not always be
beneficial in septic shock. Thetransition from spontaneous
breathing to controlled PPV after intubation can worsen
shock by decreasing venous return. Further, the adverse
effects of sedative drugs can lead to worsening vasodi-
lation and myocardial depression. Preservingthepatient’s
spontaneous respiratory drive may preferable in some,
unlessthecriterialisted above are met.

The act of intubation of the hypoxemic, shocked,
acidotic patient can be fraught with complications
including worsening hypoxemia, hypotension, aspiration,
and cardiac arrest [46]. A high risk intubation protocol
including peri intubation positive pressure/HFNC, pre-
emptivevasoactiveinfusions/push-pressors, and low-dose
ketamine may mitigate the peri-intubation risks[46]. After
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intubation, attemptsto minimize secondary infections, and
promote ventilator liberation at the earliest opportunity
remain important.

10. Unresolved shock

Many inter-related conditions may be at play when shock
isunresolved, including pre-existing morbidities, type of
invading pathogen and delayed hospitalization. A
comprehensive discussion is not possible, but physicians
need to carefully review for correctable causes, including
aternative diagnosis, inadequate source control,, unrecog-
nized additional foci of infection, inappropriate anti-
microbial therapy, relief of pleural/pericardial tamponade
or compartment syndromes, and need for blood trans-
fusionand/or steroids[47].

The use of high vasoactive doses is common in
refractory shock. However, catecholamine toxicity may
paradoxically contribute to the circulatory instability. If
the hypotension worsens as catecholamine vasoactives
doses are being increased (with/without pulmonary
edema), the clinician should consider whether underlying
diastolic dysfunction or dynamic left ventricular output
obstruction is present [48]. Improved survival has been
described by the use of non-catecholamine agents
(vasopressin, milrinone), slow filling, and gradual
catecholamine down-titration guided by Doppler
echocardiography [49]. While extra-corporeal support
may be available in some centres for refractory shock,
family discussions must emphasi ze realistic expectations
(prognosisand costs).

CONCLUSION

In order to reduce high sepsismortality, effortstoimprove
early recognition and administration of the early bundle
remain the key pillars of initial support. If signs of shock
persist, amore individualized approach to hemodynamic
resuscitation focusing on early use of vasoactives and
limiting further fluid bolus therapy may be of benefit.
Thereremainsan urgent need for trialsinlow- and middle-
income countries (LMICs) to explore the merits of an
individualized approach.
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