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Abstract

Objectives: There has been controversy over whether ketamine affects intracranial

pressure (ICP) in children. Transcranial Doppler ultrasound (TCD) is a validated tech-

nique used to assess ICP changes noninvasively. Gosling pulsatility index (PI) directly

correlateswith ICP changes. The objective of this studywas to quantify PI changes as a

surrogatemarker for ICP changes in previously healthy children receiving intravenous

ketamine for procedural sedation.

Methods: We performed a prospective, observational study of patients 5–18 years

old who underwent sedation with intravenous ketamine as monotherapy. ICP changes

were assessed by surrogate PI at baseline, immediately after ketamine administration,

and every 5minutes until completion of the procedure. The primary outcomemeasure

was PI change after ketamine administration compared to baseline (denotedΔPI).
Results: We enrolled 15 participants. Mean age was 9.9 ± 3.4 years. Most partici-

pants underwent sedation for fracture reduction (87%). Mean initial ketamine dose

was 1.4 ± 0.3 mg/kg. PI decreased at all time points after ketamine administration.

MeanΔPI at sedation onset was –0.23 (95% confidence interval [CI]= –0.30 to –0.15),

at 5 minutes was –0.23 (95% CI = –0.28 to –0.18), at 10 minutes was –0.14 (95%

CI = –0.21 to –0.08), at 15 minutes was –0.18 (95% CI = –0.25 to –0.12), and at 20

minutes was –0.19 (95% CI = –0.26 to –0.12). Using a clinically relevant threshold of

ΔPI set at +1 (+8 cm H2O), no elevation in ICP, based on the PI surrogate marker, was

demonstrated with 95% confidence at all time points after ketamine administration.

Conclusions: Ketamine did not significantly increase PI, which was used as a surro-

gate marker for ICP in this sample of previously healthy children. This pilot study

demonstrates a model for evaluating ICP changes noninvasively in the emergency

department.
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1 INTRODUCTION

1.1 Background

Ketamine is the most frequently used medication for procedural seda-

tion in pediatric emergency departments (EDs).1 It is a dissociative

anesthetic that acts via antagonism of central N-methyl-D-aspartate

receptors and maintains protective airway reflexes, spontaneous res-

pirations, and cardiovascular tone.2,3 Despite these beneficial prop-

erties, there has been controversy over whether ketamine increases

intracranial pressure (ICP). 3–5 Initial case series in the 1970s showed

that ketamine acutely elevated ICP in patients with obstructed cere-

brospinal fluid (CSF) flow. However, ICP elevation has not been

observed in patients with intact CSF flow.4 Green et al4 proposed

that, except for hydrocephalus, there is no contraindication to using

ketamine in procedural sedation, rapid sequence intubation, and anal-

gesia in the ED.

1.2 Importance

Nonetheless, research on ketamine’s effect on ICP in children is

lacking.3 Given concerns of the potential for ketamine to increase ICP,

it is frequently avoided in the ED in pediatric patientswith head trauma

despite its hemodynamic advantages.

We investigated the relationship between ketamine and ICP in the

pediatric EDsetting using a surrogatemarkermeasuredby transcranial

Doppler ultrasound (TCD). TCD is a technique used to assess changes

in ICP noninvasively, and is well-established in neurosurgical and neu-

rocritical care literature.6 Specifically, the Gosling pulsatility index7

(PI) measured using TCD has previously been shown to have a linear

relationshipwith ICP changes.8,9 Prior research in childrenwith hydro-

cephalus and severe head injury has supported this direct correlation

between PI changes and ICP changes.10,11 PI is a function of peak sys-

tolic velocityminus end-diastolic velocity divided by themean velocity.

As intracranial pressure rises, intracranial systolic blood flow increases

and intracranial diastolic blood flow decreases, thus increasing the PI.

1.3 Goals of this investigation

The objective of this study was to quantify ICP changes by the sur-

rogate marker PI after ketamine administration in previously healthy

children receiving intravenous ketamine monotherapy for procedural

sedation. We hypothesized that ketamine administration would not

cause an increase in ICP, as measured at multiple time points after

administration using the TCDPI.

2 METHODS

2.1 Study design

Weperformedaprospective, observational studymeasuringPI byTCD

in pediatric patients who underwent procedural sedation with intra-

The Bottom Line

The use of ketamine has been controversial due to its the-

oretical increase of intracranial pressure. The authors of

this study try to debunk this theory with the use of tran-

scranial Doppler ultrasound in patients undergoing ketamine

sedation. Although their numbers of participants are low,

this study is important in making sure that the emergency

medicine practice is truly evidence based.

venous ketamine asmonotherapy. This studywas approvedbyour local

institutional reviewboard.Written consentwas obtained from thepar-

ent/guardian of all participants enrolled, with assent obtained from all

participants.

2.2 Selection of participants

We recruited participants from a convenience sample of patients ages

5–18years at anurban tertiary pediatric EDwhowereundergoing pro-

cedural sedation for any procedure (ie, fracture reduction, laceration

repair). Patients with head traumawere excluded.

2.3 Measurements

TCD was performed using standardized methods as described by

Aaslid et al12 and Lindegaard et al.13 With the patient supine, we

insonated the right transtemporal window (Figure S1) and right neck

at the following time points: baseline prior to sedation, immediately

after ketamine administration upon sedation onset (indicated by nys-

tagmus) and every 5 min after sedation onset until completion of

the procedure. We calculated the Gosling PI of the middle cerebral

artery as (peak systolic velocity – diastolic velocity)/mean velocity. To

evaluate for any effect of vasospasm on PI, we recorded the Linde-

gaard ratio (LR = mean velocity in the middle cerebral artery/mean

velocity in the ipsilateral extracranial internal carotid artery). Scans

were performed with a 2-Mhz transducer (Terumo PMD150 Digital

TranscranialDoppler System/Trifid 33-GateTechnology, Spencer Tech-

nologies, Seattle, WA). A single individual (C.T.S.) performed all TCD

scans using identical technique. A separate investigator (J.R.B.) with

greater than 20 years of TCD experience provided training and qual-

ity assurance review of TCD waveforms. Ketamine was administered

by the treating physician, who was not the same individual performing

TCD measurements. The treating physician determined the dose and

timing of ketamine administration.

We recorded demographic and clinical characteristics of the study

population including age, sex, race, weight, procedure type, initial

ketamine dose, any subsequent ketamine doses, and timing of medica-

tion administration. We recorded vital signs at the same intervals as

TCD measurements, including heart rate, blood pressure, respiratory



STEM ET AL 3 of 6

rate, oxygen saturation (SpO2), and partial pressure of exhaled car-

bon dioxide (CO2) (NICO/NM3 Capnostat CO2 Sensor, Model 7900,

Philips, Pittsburgh, PA).

2.4 Outcomes

The primary outcome measure was the PI change after ketamine

administration compared to baseline (denotedΔPI). The clinically rele-
vant threshold was set at ΔPI of +1. Prior research indicates that ΔPI
of +1 above baseline corresponds to an ICP increase of 7.1–8.0 cm

H2O (5.2–5.9 mmHg).14 Therefore, we determined that ΔPI less than
+1 corresponds to an ICP increase of less than 8 cm H20 and would

likely represent a clinically insignificant ICP change.

2.5 Analysis

We were unable to perform a power analysis or sample size estimate

given the absence of literature available for serial PI measurements in

healthy children.Weanalyzed our primary outcome (ΔPI)with descrip-
tive statistics and reported the mean change in PI from baseline with

95% confidence intervals for all time points of interest: at sedation

onset and every 5 minutes after sedation onset until completion of

the procedure. To evaluate if ΔPI would exceed +1 for any of the time

points, we conducted a paired t-test at each time point.

We summarized demographics, clinical characteristics, and sec-

ondary outcomes including heart rate, blood pressure, respiratory rate,

SpO2, exhaledCO2, andΔLR using descriptive statistics.We presented

continuous variables asmean± SDormedian [IQR] as appropriate.We

reported categorical variables as frequencies and percentages. Analy-

ses were conducted using R version 4.0.5 (R Foundation for Statistical

Computing, Vienna, Austria; https://www.R-project.org/).

3 RESULTS

3.1 Characteristics of study participants

Weenrolled15participants. Themeanagewas9.9±3.4 years and47%

were female.Most participants underwent sedation for fracture reduc-

tion (87%). Demographic and clinical characteristics are displayed in

Table 1. The baseline PI was 0.88 ± 0.13. The initial ketamine dose

administered was 1.4 ± 0.3 mg/kg. Seven participants received a sec-

ond ketamine dose of 0.9 ± 0.1 mg/kg given 11.9 ± 6.4 min after the

first dose.

3.2 Main results

In all participants, mean ΔPI was negative at all time points after

ketamine, indicating that there was a reduction in PI after ketamine

(Figure 1). Using a clinically relevant threshold set at +1 PI unit, no

TABLE 1 Demographic and clinical characteristics

Age (y) 9.9± 3.4

Female sex 7 (47%)

Race

White 13 (87%)

Asian 2 (13%)

Weight (kg) 40.0 (23.8–54.9)

Procedure requiring sedation

Fracture reduction 13 (87%)

Laceration repair 2 (13%)

Initial PI 0.88± 0.13

Initial ketamine dose (mg/kg) 1.4± 0.3

Participants who received a

second ketamine dose

7 (47%)

Second ketamine dose (mg/kg) 0.9± 0.1

Note: Data are presented as n (%),mean± SD, ormedian [IQR]. PI, pulsatility

index.

increase (no significant elevation in ICPmeasured by PI surrogate) was

demonstrated with 95% confidence at all time points after ketamine

administration. Secondary outcomemeasures are reported in Table 2

We were unable to assess PI in 1 participant at sedation onset and

at 20min due to difficulty finding the middle cerebral artery by TCD at

those time points. Sedation was completed before 15 min in 2 partici-

pants andwas completedprior to20min in6additional participants.All

other participants had measurements recorded at all time points until

conclusion of the procedure.

4 LIMITATIONS

The findings in this study are subject to limitations. This was a small

sample size in a pilot study enrolled via convenience sampling, and

future studies should enroll a larger population. Our study population

was limited to children over 5 years of age because baseline TCD ultra-

sounds before sedation would be technically challenging in children

under 5 years due tomovement.

This study was limited by reliance on PI as a surrogate marker

for ICP, rather than a gold standard method. Direct measurement

via intracranial pressure monitoring or lumbar puncture in otherwise

healthy children would not be feasible. TCD PI correlation with ICP

has been inconsistent across prior studies.15 In particular, measure-

ment of a single PI value is not consistently reliable in predicting

ICP. On the other hand, multiple studies have shown good correlation

between PI and ICP when serial values are assessed over time.8,16,17

To that effect, many authors agree that the trend in PI is a useful and

accurate reflection of ICP change.18,19 The 2019 Brain Trauma Foun-

dationGuidelines for severe pediatric TBI call for consideration of TCD

ultrasound velocity measurements of the middle cerebral artery as a

tool to guide titration of ICP lowering therapy.20 Additionally, Cardim

et al15 have suggested that TCD predicts ICP change most reliably

https://www.R-project.org/
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F IGURE 1 Change in pulsatility index from baseline (ΔPI) over time. Bars indicate 95% confidence intervals. Dashed line indicates clinically
relevant threshold ofΔPI+1. (See Section 2.4 for definition of clinically relevant threshold.)

TABLE 2 Secondary outcomemeasures at each time point

Time HR SBP DBP RR CO2 SpO2 ΔLR

Baseline 90 ± 12 124 ± 15 68 ± 7 21 ± 4 39 [35–40] 99 [99–100] N/A

Sedation onset 97 ± 19 135 ± 24 70 ± 11 23 ± 8 36 [35–39] 99 [98–100] 0.15 ± 0.45

5min 106 ± 19 145 ± 21 76 ± 11 23 ± 4 38 [34–38] 99 [97–99] 0.20 ± 0.50

10min 104 ± 18 140 ± 15 74 ± 11 24 ± 5 36 [34–38] 99 [98–99] 0.33 ± 0.67

15min 106 ± 16 141 ± 16 71 ± 7 25 ± 5 36 [34–38] 98 [98–99] 0.23 ± 0.32

20min 107 ± 11 134 ± 17 68 ± 8 26 ± 6 36 [36–38] 99 [97–100] 0.18 ± 0.23

Note: Data are presented as mean ± SD or median [IQR]. PI, pulsatility index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; RR,

respiratory rate; CO2, exhaled carbon dioxide; SpO2, pulse oximetry;ΔLR, change in Lindegaard ratio from baseline.

when ICPchangesdue to vasogenic effects. Ketamine tends to increase

heart rate and blood pressure.2 Therefore, if ketamine were to cause

any ICP change, it may be due to its vasogenic effects, which would

lend reliability to our study’s TCD assessment model of ketamine.

Although, research suggests that the PI trend correlates with ICP

changes in children with hydrocephalus and severe head injury,10,11

we extrapolated this correlation to healthy participants enrolled in this

study.

Our study showed that the PI of healthy children who received

ketamine did not increase. This finding may not be directly applied

to children with head injury. Further research is needed to evaluate

ketamine’s effect on PI in children with TBI, especially at the extremes

of cerebral autoregulation.

We believe that the range of ketamine doses administered in this

study provides adequate analgesia during painful procedures.2 How-

ever, it is possible that ICP and PI may have been affected by pain

response during the procedures (ie, pain with fracture reduction, cast

molding, and laceration repair). Pre-sedation and post-sedation pain

scores, which were not recorded, could potentially confound assess-

ment of ketamine’s effect on ICP. Despite this limitation, the conditions

of this study represent a real-life situation because intubation, bag-

valve mask ventilation, and other procedures requiring the use of

ketamine have similar potential for pain and discomfort.

5 DISCUSSION

In this cohort of previously healthy pediatric patients, ketamine did not

increase PI. In fact, we observed a small decline in PI in all participants

after ketamine administration, as the observed confidence intervals for

ΔPI at all time points were less than 0.

Furthermore, the maximum PI decline in this study was relatively

small. The maximum PI decline within the confidence intervals was

–0.30. Based on available literature,14 this corresponds to an ICP

decrease of 2.5 cm H20 (1.8 mm Hg) or less. This likely represents a

clinically insignificant ICP decline after ketamine administration.

Our results are likely applicable to theEDpopulation for several rea-

sons. First, theparticipants in this study represented thebroad rangeof

ages encountered in apediatric ED. Second, the initial dose range in this

study reflects the ketamine dose typically used for procedural sedation
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and rapid sequence intubation. Third, our sample included participants

who receivedmultiple doses of ketamine.

These findings are notable because ketamine’s effect on ICP has

been controversial as noted above. Although this study does not pro-

vide information on ketamine’s effect at the extremes of cerebral

autoregulation, these findings contribute to the literature evaluating

theeffect of ketamineon ICP, addingdataon the in vivouseof ketamine

asmonotherapy in children. Before this, no studies assessedketamine’s

effect on PI.

More recent studies challenge the dogma that ketamine should

not be used for sedation or rapid sequence intubation in head-injured

patients. A systematic review of 10 studies by Cohen et al21 found that

ketamine caused no change or a small reduction in ICP in critically ill

patients, including those with TBI. Bar-Joseph et al5 investigated the

effect of ketamine on ICP in children with intracranial hypertension in

the critical care setting, including childrenwith trauma and intracranial

hemorrhage. They found that ICP, measured by intracranial pressure

monitors, decreased with the administration of ketamine while main-

taining blood pressure and cerebral perfusion pressure.5 Still, it is not

entirely clear if the critical care literature can be directly applied to the

pediatric ED population, as patients receiving critical care frequently

receive additional sedative and analgesicmedicationswhich exert their

own effects on ICP, thus confounding the assessment of ketamine’s

effect.

Although ICP is often measured directly in the critical care set-

ting, this is not feasible in the ED. Therefore, a non-invasive technique

for tracking ICP changes in the ED may be valuable for both clini-

cal decision-making and research. TCD offers a noninvasive method

of assessing ICP changes using the PI as a surrogate marker for ICP.

This study demonstrates the feasibility of tracking serial PI changes

over time in the ED, specifically to evaluate ketamine’s effect on ICP

in children. While additional research may be needed to establish the

reliability of PI as a surrogate marker for ICP change in healthy chil-

dren,we found that ketamine exerted a small and clinically insignificant

PI decrease in this small sample.

In this prospective, observational study of previously healthy chil-

dren undergoing procedural sedation, ketamine administration led to a

small decrease in PI, a surrogate marker for ICP. Future research may

investigate ketamine’s effect on PI and ICP in patients with head injury.
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