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IMPORTANCE Current therapies for traumatic blood loss focus on hemorrhage control and Author Audio Interview
blood volume replacement. Severe hemorrhagic shock, however, is associated with a state of
arginine vasopressin (AVP) deficiency, and supplementation of this hormone may decrease
the need for blood products in resuscitation.

Supplemental content

OBJECTIVE To determine whether low-dose supplementation of AVP in patients with trauma
(hereinafter referred to as trauma patients) and with hemorrhagic shock decreases their need
for transfused blood products during resuscitation.

DESIGN, SETTING, AND PARTICIPANTS This randomized, double-blind placebo-controlled
clinical trial included adult trauma patients (aged 18-65 years) who received at least 6 U of
any blood product within 12 hours of injury at a single urban level 1trauma center from May 1,
2013, through May 31, 2017. Exclusion criteria consisted of prehospital cardiopulmonary
resuscitation, emergency department thoracotomy, corticosteroid use, chronic renal
insufficiency, coronary artery disease, traumatic brain injury requiring any neurosurgical
intervention, pregnancy, prisoner status, or AVP administration before enrollment. Data were
analyzed from May 1, 2013, through May 31, 2017, using intention to treat and per protocol.

INTERVENTIONS After administration of an AVP bolus (4 U) or placebo, participants received
AVP (=0.04 U/min) or placebo for 48 hours to maintain a mean arterial blood pressure of at
least 65 mm Hg.

MAIN OUTCOMES The primary outcome was total volume of blood product transfused.
Secondary end points included total volume of crystalloid transfused, vasopressor
requirements, secondary complications, and 30-day mortality.

RESULTS One hundred patients underwent randomization (49 to the AVP group and 51to the
placebo group). Patients were primarily young (median age, 27 years [interquartile range {IQR}.
22-25 years]) and male (n = 93) with penetrating trauma (n = 79). Cohort characteristics
before randomization were well balanced. At 48 hours, patients who received AVP required
significantly less blood products (median, 1.4 [IQR, 0.5-2.6] vs 2.9 [IQR, 1.1-4.8] L; P = .01) but
did not differ in requirements for crystalloids (median, 9.9 [IQR, 7.9-13.0] vs 11.0 [8.9-15.0] L;

P = .22) or vasopressors (median, 400 [IQR, 0-5900] vs 1400 [IQR, 200-7600] equivalent
units; P = .22). Although the groups had similar rates of mortality (6 of 49 [12%] vs 6 of 51

[12%]; P = .94) and total complications (24 of 44 [55%] vs 30 of 47 [64%]; P = .37), the AVP Author Affiliations: Author

group had less deep venous thrombosis (5 of 44 [11%] vs 16 of 47 [34%]; P = .02). affiliations are listed at the end of this
article.

CONCLUSIONS AND RELEVANCE Low-dose AVP during the resuscitation of trauma patients in Corresponding Author: Carrie A.

hemorrhagic shock decreases blood product requirements. Additional research is necessary Sims, MD, PhD, Division of
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to determine whether including AVP improves morbidity or mortality.
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rauma remains the leading cause of death for individu-

als 45 years and younger in the United States, with hem-

orrhage accounting for approximately 72% of mortality
within 24 hours of injury.™? Although resuscitation with fluids
and blood products remains the cornerstone of care, vigorous vol-
ume replacement can lead to serious complications, including
coagulopathy, acute lung injury, and abdominal compartment
syndrome.>> Massive hemorrhage also profoundly alters the neu-
roendocrine milieu needed to maintain vasomotor tone, and pro-
longed shock may progress to a state of refractory hypotension.®
The inclusion of vasoactive hormones during resuscitation, there-
fore, may limit the need for aggressive blood product transfusion
and decrease resuscitation-associated complications.

Arginine vasopressin (AVP), a hormone secreted by the pos-
terior pituitary in response to increased osmolarity or hypoten-
sion, has been used widely as a vasopressor in critically ill
patients.”® Arginine vasopressin is also essential during hemor-
rhagic shock.® Although 10% to 20% of the total pituitary AVP
stores can bereleased rapidly during the onset of acute blood loss,
secretion diminishes over time, despite persistent stimulation;
and low levels are associated with catecholamine-resistant hy-
potension and increased venous capacitance.'°'? Patients with
trauma (hereinafter referred to as trauma patients) and hemor-
rhage who receive large-volume transfusion during resuscitation
may be at particular risk of developing AVP deficiency during the
first 48 hours of resuscitation.'>* In addition to AVP’s fixed se-
cretion rate and relatively short half-life (10-35 minutes), trauma
patients lose AVP in shed blood and are resuscitated with AVP-
poor crystalloids and blood products. As such, AVP levels decrease
dramatically in severely injured patients who require at least 5U
of blood product.’®

Supplementing AVP restores serum levels and may im-
prove hemorrhage control. In addition to potentially vasocon-
stricting injured vessels, AVP preferentially shunts blood away
from nonessential vascular beds to more vital structures such
as the heart and brain.'® When given in a physiologic dosage
(<0.04 U/min), however, AVP does not augment blood pres-
sure in healthy volunteers and only acts as a vasopressor in de-
ficient states.®!® Arginine vasopressin supplementation may
also improve hemostasis by enhancing platelet function and
thus augmenting clot formation."”

Although exogenous AVP has been demonstrated to im-
prove survival in animal models of lethal hemorrhage, its use
in trauma patients is limited to a number of case reports, a
retrospective study suggesting increased mortality, and 1 pro-
spective but underpowered trial.’>'2° We conducted a ran-
domized, double-blind clinical trial to determine whether low-
dose AVP supplementation decreases the need for blood
product transfusion in trauma patients with hemorrhage. Our
secondary hypotheses were that AVP supplementation de-
creases the need for resuscitative support (eg, crystalloids or
vasopressors) and would result in fewer complications.

Methods

This single-center randomized clinical trial was conducted from
May 1, 2013, through May 31, 2017, at an urban level 1 trauma
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Key Points

Question Does low-dose arginine vasopressin supplementation
decrease the need for blood product transfusions in patients
with trauma and hemorrhagic shock?

Findings In this randomized clinical trial of 100 adult trauma
patients in hemorrhagic shock, arginine vasopressin
supplementation significantly decreased the volume of blood
products given in the first 48 hours by a median of 1.4 L without
increasing complications.

Meaning Including low-dose arginine vasopressin
supplementation when resuscitating trauma patients in
hemorrhagic shock may safely decrease the need for blood
products.

center with approval from the institutional review board of the
University of Pennsylvania. Because this study was con-
ducted using the US Food and Drug Administration (FDA) ex-
ception from informed consent for emergency research policy
(FDA 21 CFR 50.24), an extensive community consultation pro-
cess was performed,?! and an Investigational New Drug appli-
cation was filed with the FDA. This study followed the Con-
solidated Standards of Reporting Trials (CONSORT) reporting
guideline. The trial protocol is available in Supplement 1.

Study Patients

Trauma patients (aged 18-65 years) who received 6 U of any
blood product within 12 hours of injury were eligible to par-
ticipate. Enrollment occurred as soon as the sixth unit of any
blood product (eg, packed red blood cells [PRBC], fresh fro-
zen plasma [FFP], or platelets) had been infused. Cryoprecipi-
tate was not included in the cumulative product volume but
was analyzed separately. Exclusion criteria consisted of inter-
hospital transfer, prehospital cardiopulmonary resuscita-
tion, emergency department thoracotomy, recent corticoste-
roid use, chronic renal insufficiency, significant coronary artery
disease, traumatic brain injury requiring neurosurgical inter-
vention, pregnancy, being younger than 18 years or older than
65 years, and/or prisoner status. Patients who opted out were
also excluded.

Demographic characteristics, physiologic data, labora-
tory values, resuscitation requirements, and hemostatic agents
were recorded. Injury characteristics were extracted from the
record after enrollment (Table 1).

Treatment Assignments and Infusions

Group assignment was performed by an independent inves-
tigational drug service using a computer-generated random-
ization scheme in blocks of 6. Study kits containing AVP or pla-
cebo were prepared off-site. The clinical team, research
personnel, patients’ families, and patients were blinded to
group assignment for the duration of the trial.

Arginine vasopressin was mixed in saline with a final con-
centration of 0.4 U/mL. A 4-U bolus of AVP or an equivalent
volume of saline placebo was given before starting the study
infusion (either AVP or placebo) at 0.04 U/min. After the op-
erating surgeon declared definitive hemorrhage control, the
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Table 1. Baseline Demographics and Clinical Characteristics by Treatment Group

Study Group
AVP Supplementation Placebo
(n =49) (n=51)
Factor No. Missing Data No. Missing Data ASD?
Patient demographics
Age, median (IQR), y 0 26 (21-31) 0 27 (24-36) 0.35
Male, No. (%) 0 46 (94) 0 47 (92) 0.07
Race/ethnicity, No. (%)
Black 0 42 (86) 0 40 (78)
White 0 7(14) 0 8(16)
Hispanic 0 0 0 2(4) 0-36
Asian 0 0 0 1(2)
Injury characteristics
Penetrating mechanism, No. (%) 0 39 (80) 0 40 (78) 0.03
Injury Severity Score, median (IQR)° 0 19 (14-26) 26 (17-34) 0.29
PATI, median (IQR)“ 0 32(27-44) 0 26 (16-40) 0.38
Primary source of hemorrhage, No. (%)
Head 0 0 0 1Q2)
Neck 0 2(4) 0 3(6)
Thoracic 0 14 (29) 0 12 (24) 0.31
Abdominal 0 21(43) 0 26 (51)
Extremity 0 12 (24) 0 9(18)
Hemorrhage control, No. (%)
Operating room 0 48 (98) 0 50 (98)
Interventional radiology 0 0 1(2) 0.29
Both 0 1(2) 0 0
AlS 24, No. (%)
Neck 0 5(10) 0 1(2) 0.35
Chest 0 17 (35) 0 16 (31) 0.07
Abdomen 0 20 (41) 0 16 (31) 0.19
Extremity 0 5(10) 0 5(10) 0.01
Trauma bay admission vital signs, mean (SD)
SBP, mm Hg 0 113 (29) 0 114 (35) 0.02
MAP, mm Hg 1 76 (24) 0 82 (33) 0.20
HR, bpm 0 105 (27) 0 109 (26) 0.15
Glasgow Coma Score, median (IQR)¢ 0 14 (10-15) 0 14 (8-15) 0.17
Time to enrollment, median (IQR), min 0 97 (69-122) 0 80 (56-102) 0.29
Enrollment vital signs
Lowest SBP, mean (SD), mm Hg 0 77 (21) 0 69 (20) 0.38
SBP, mean (SD), mm Hg 0 99 (31) 0 90 (29) 0.30
MAP, mean (SD), mm Hg 0 70(19) 0 66 (21) 0.18
HR, mean (SD), bpm 0 103 (17) 0 106 (25) 0.14
Temperature, median (IQR), °C 5 36 (35-37) 5 36 (35-36) 0.33
Trauma evaluation laboratory values
Lactate level, median (IQR), mg/dL 9 6 (4-9) 11 7 (5-11) 0.35
Sodium level, mean (SD), mEq/L 4 139 (3) 8 140 (4) 0.26
Creatinine level, mean (SD), mg/dL 5 1.35(0.25) 8 1.33(0.25) 0.03
Hemoglobin level, mean (SD), g/dL 4 12.6 (1.7) 8 12.0(1.9) 0.33
Platelet count, mean (SD), x103/pL 5 226 (74) 8 222 (77) 0.06
Prothrombin time, INR, median (IQR) 5 1.2(1.1-1.4) 9 1.2(1.2-1.4) 0.22
Partial thromboplastin time, median (IQR), s 5 27 (25-32) 9 29 (26-35) 0.11
(continued)
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Table 1. Baseline Demographics and Clinical Characteristics by Treatment Group (continued)

Study Group
AVP Supplementation Placebo
(n =49) (n=51)
Factor No. Missing Data No. Missing Data ASD?
Preenrollment resuscitation requirements
Crystalloids, median (IQR), L 0 2.1(1.5-3.6) 0 2.0(1.1-2.8) 0.32
Blood products, median (IQR), L 0 1.8(1.8-2.3) 0 2.0(1.8-2.2) 0.07
PRBC, median (IQR), L 0 1.5(1.2-1.8) 0 1.5(1.5-1.8) 0.08
FFP, median (IQR), L 0 0.5(0.3-0.5) 0 0.5(0.1-0.5) 0.18
Platelets, median (IQR), mL 0 0 (0-0) 0 0(0-0) 0.14
Cryoprecipitate, median (IQR), mL 0 0(0-0) 0 0 (0-0) <0.001
Estimated blood loss, median (IQR), mL 0 250 (0-800) 1 25 (0-675) 0.15
Factor VII, No. (%) 0 0 0 0 <0.001
Tranexamic acid, No. (%) 0 18 (37) 0 23 (45) 0.17

Abbreviations: AlS, Abbreviated Injury Score; ASD, absolute standardized
difference; bpm, beats per minute; AVP, arginine vasopressin; FFP, fresh frozen
plasma; HR, heart rate; INR, international normalized ratio; IQR, interquartile
range; MAP, mean arterial pressure; PATI, Penetrating Abdominal Trauma Index;
PRBC, packed red blood cells; SBP, systolic blood pressure.

Sl conversion factors: To convert creatinine to micromoles per liter, multiply by
88.4; hemoglobin to grams per liter, multiply by 10.0; lactate to millimoles per
liter, multiply by O.11; platelets to 10° per liter, multiply by 1.0; sodium to
millimoles per liter, multiply by 1.0.

2 Defined as the absolute difference in means, mean ranks, or proportions
between groups divided by the pooled SD. Variables with ASD of greater than

0.392 are defined as imbalanced between groups. An ASD of no greater than
0.392 will capture 95% of the participants if the true ASD is zero for that
variable.

Scores range from O to 75, with higher scores indicating more severe injury.

€ Applicable only for patients with an abdominal injury; summary includes
25 in the AVP group and 23 in the placebo group. Scores range from O to 200,
with higher scores indicating greater severity.

dScores range from 3 to 15, with higher scores indicating greater level of
consciousness.

study infusion could be titrated (O to 0.04 U/min) to maintain
amean arterial blood pressure (MAP) of at least 65 mm Hg for
atotal of 48 hours. The study infusion, therefore, could change
depending on the patient’s hemodynamic stability. In the op-
erating room or interventional suite, patients ideally were re-
suscitated with blood productsin a 1:1:1 fashion. After the pro-
cedure, patients received crystalloids and blood products at
the discretion of the treating physician to address lactic aci-
dosis, urine output, anemia (hemoglobin level <10 g/dL [to con-
vert to grams per liter, multiply by 10.0]), and/or coagulopa-
thy (international normalized ratio, >1.4). All health care
professionals were blinded to treatment assignment. On en-
rollment, a strict MAP goal of at least 65 mm Hg was main-
tained for the next 48 hours. If vasopressors were needed, neo-
synephrine, norepinephrine bitartrate, and/or epinephrine
were used. All vasopressor treatments were titrated and
stopped before tapering the study infusion. If vasopressor sup-
port was again required, the study infusion was restarted be-
fore adding vasopressors. Open-label AVP use was not permit-
ted. The MAP goal was determined by the consensus of a
multidisciplinary panel of trauma surgeons and anesthesiolo-
gists (including C.A.S., D.H., P.K., J.P., B.S., N.M., and P.R.).
A study coordinator monitored all resuscitations in real time
to facilitate enrollment and ensure protocol compliance.

End Points

The primary outcome was the cumulative volume of blood
product transfused within 48 hours and included PRBC, FFP,
and platelets after enrollment. Secondary outcomes in-
cluded total volume of crystalloids transfused, estimated blood
loss, overall fluid balance, and total vasopressor requirement

JAMA Surgery Published online August 28, 2019

within the first 48 hours. All doses of vasopressors were nor-
malized to norepinephrine equivalents: norepinephrine (in mi-
crograms) + epinephrine (in micrograms) + 2.2 x phenyleph-
rine (in micrograms) + (ephedrine/80.9) x 0.4545.22 Qutcomes
at 30 days included mortality, length of stay (LOS), and com-
plications as defined by the Pennsylvania Trauma Outcomes
Study.?® We also investigated outcomes potentially affected by
resuscitation, including acute kidney injury, acute respira-
tory distress syndrome, mechanical ventilator-free days, and
open abdomen-free days (eMethods in Supplement 2). Pa-
tients underwent weekly screening for deep venous throm-
bosis (DVT) using lower-extremity ultrasonography for the first
3 weeks of admission and then as clinically needed. Pre-
defined adverse events were monitored in real time and evalu-
ated by an independent medical monitor, the data safety moni-
toring board, and the institutional review board.

Statistical Analysis

Data were analyzed from May 1, 2013, through May 31, 2017.
Based on a previous study,'® a power analysis was performed
assuming a baseline mean (SD) use of 5.4 (6.6) L of blood prod-
ucts. Assuming 80% power and a 2-sided a error of .05, 50 pa-
tients per group would be required to detect more than a 50%
reduction in the total volume of blood product (ie, mean [SD],
2.7 [4.8]). Additional power analyses were not performed for
secondary outcomes. An independent statistician blinded to
group assignment performed planned interim analyses after
the 25th, 50th, and 75th patient enrollments. Safety bound-
aries were established a priori.?* Primary and secondary out-
comes, as well as complications, were compared between
groups at each interim without adjusting P values for mul-

jamasurgery.com

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Harvard University User on 09/04/2019


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2019.2884&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2019.2884
http://www.jamasurgery.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2019.2884

Arginine Vasopressin Supplementation in Early Traumatic Shock

tiple analyses. The external data and safety monitoring board
blindly reviewed interim results and recommended the study
continue without modification.

Demographics, clinical characteristics, and preenroll-
ment resuscitation variables were summarized. Balance be-
tween groups was assessed using absolute standardized dif-
ference (ASD), defined as the absolute difference in means,
mean ranks, or proportions divided by the pooled SD. The ASD
assesses the degree to which groups differ from each other, with
larger ASDs indicating larger differences between groups. Any
characteristic with ASD of greater than 1.96 x V/ (1/Nyasopressin
+ 1/Mplacebo) Was considered imbalanced, where 1 corre-
sponded to the number of patients randomized to AVP and pla-
cebo, respectively. Thus, an ASD of less than 0.392 would cap-
ture 95% of participants if the true ASD was zero for that
variable.?* The ASD was used because relying on multiple sig-
nificance tests to evaluate baseline variables can be mislead-
ing and exaggerates the rate of type I errors. In contrast, the
use of ASD mitigates the risk of type I error amplification.

We performed an intention-to-treat and a per-protocol
analysis. For the intention-to-treat analysis, patients who died
within 48 hours were assigned the worst observed outcome
among survivors in the combined groups to control for poten-
tial bias of the estimated treatment effect associated with early
mortality. The per-protocol analysis excluded patients who died
in the operating room, because these patients were deemed
to have nonsurvivable injuries by a blinded panel of trauma
surgeons and could not reach the end points of interest. Total
complications were compared using a 2-tailed x? test. The rela-
tive risk of any adverse event was estimated using a log-
linked logistic regression model with any adverse event as a
function of AVP vs placebo.?® Similarly, crystalloid volume
transfused, estimated blood loss, fluid balance at 48 hours, days
in the intensive care unit, hospital LOS, days of mechanical ven-
tilation, and days left with an open abdomen were assessed
using Wilcoxon rank sum tests with a Hodges-Lehmann esti-
mation of location shift between groups.

We used a 2-sided significance criterion of .05, and no
adjustment was made for assessing multiple secondary out-
comes. Analyses were performed using R, version 3.3.2
(R Project for Statistical Computing).

. |
Results

A total of 3736 trauma activations occurred during the study
period; 257 patients were hypotensive (SBP < 90 mm Hg) or
received at least 1 U of blood product during their initial evalu-
ation. A total of 157 patients were excluded, mostly second-
ary to insufficient blood product transfusion within the 12-
hour enrollment period (Figure). Seven patients who received
more than 15 U of blood product or were treated with AVP be-
fore randomization were excluded. One family declined en-
rollment. Of the 100 patients enrolled (93 men and 7 women;
median age, 27 years [IQR, 22-25 years]), 49 were random-
ized to the AVP group and 51 to the placebo group. Seventy-
nine patients had penetrating trauma. Time to enrollment did
not differ between groups. Most patients were young black men

jamasurgery.com
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Figure. Flowchart for Screening and Enrollment

3736 Trauma alert activations

|

257 SBP <90 mm Hg or received 1 U
of PRBC for presumed bleeding

157 Excluded
75 Insufficient blood transfusion
32 ED thoractomy
18 Age <18 or >65y

L
12 Traumatic brain injury
8 Death before enrollment
7 Protocol deviation before enrollment
5 Pregnancy or medical exclusion
(101 Randomized > 1 Family refusal

49 Randomized
to vasopressin

51 Randomized to
placebo

ED indicates emergency department; SBP, systolic blood pressure.

with penetrating trauma. Preenrollment demographics, vital
signs, laboratory values, resuscitation volume, and vasopres-
sor requirements were well balanced between the groups
(Table 1).

Intention-to-Treat Analysis

Blood products and volume of crystalloid transfused, total dose
of vasopressor, and fluid balance at 48 hours were compared.
When analyzed individually, AVP was associated with signifi-
cantly less volume of FFP (median, 0.9 [IQR, 0.8-1.3] vs 1.0
[IQR, 0.5-1.8] L), platelets (median, 200 [IQR, 0-300] vs 300
[IQR, 0-600] mL), and cryoprecipitate (mean [SD], 12.6 [75.4]
vs 34.7 [84.8] mL) (Table 2) and significantly less cumulative
volume of all blood products with an estimated median dif-
ference of -1.00 L (95% CI, -2.03 to 0.00 L; P = .03) (Table 3).
Although AVP did not affect the overall complication rate (29
of 49 [59%] vs 34 of 51 [67%]; P = .44), it was associated with
a decreased rate of DVTs (10 of 49 [20%] vs 20 of 51 [39%];
P =.05). Arginine vasopressin did not significantly influence
resuscitation-related complications such as acute respiratory
distress syndrome (34 of 49 [69%] vs 40 of 51 [78%]; P = .31),
length of mechanical ventilation (median, 3 [IQR, 1-6] vs 3[IQR,
2-18] days; P = .43), acute kidney injury (8 of 49 [16%] vs 14 of
51[27%]; P = .19), or time needed for damage control of open
abdomen (median, 29 [IQR, 28-29] vs 28 [IQR, 27-29] days;
P = .36). Arginine vasopressin also did not significantly affect
median LOS in the intensive care unit (5 [IQR, 3-15] vs 9 [IQR,
3-271days; P = .28) or hospital (16 [IQR, 10-32] vs 22 [IQR, 14-
44] days; P = .46), risk of operative death (5 of 49 [10%] vs
4 of 51 [8%]; P = .68), or overall mortality (6 of 49 [12%] vs 6
of 51 [12%]; P = .94).

Per-Protocol Analysis
The per-protocol analysis excluded 9 patients who died in the
OR of nonsurvivable injuries. Blood products and volume of
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Table 2. Cumulative Blood Products, Fluids, and Vasopressors Infused Within the First 48 Hours After Enrollment

Analysis by Study Group

Intention to Treat Per Protocol

AVP Supplementation Placebo AVP Supplementation Placebo
Factor (n =49) (n=51) P Value?® (n=44) (n=47) P Value®
Total blood products, 1.7 (0.7-3.1) 3.0(1.4-5.2) .03 1.4 (0.5-2.6) 2.9(1.1-4.8) .01
median (IQR), L
PRBC, median (IQR), L 0.9(0.1-1.8) 1.5 (0.6-3.0) .08 0.6 (0.0-1.5) 1.2 (0.6-2.6) .02
FFP, median (IQR), L 0.9(0.8-1.3) 1.0 (0.5-1.8) .03 0.5(0.3-1.0) 1.0(0.5-1.5) .01
Platelets, median (IQR), mL 200 (0-300) 300 (0-600) .02 98 (0-300) 300 (0-600) .01
Cryoprecipitate, mean (SD), mL ~ 12.6 (75.4) 34.7 (84.8) .04 2.3(15.1) 37.2(87.9) .02
Crystalloids, median (IQR), L 9.7 (7.2-13.0) 10.7 (8.7-14.4) 24 9.9 (7.9-13.0) 11.0(8.9-15.0) 22
Estimated blood loss, 0.8(0.1-19.0) 1.0 (300-14.6) 41 0.8 (0.3-1.6) 1.0(0.3-2.3) .35
median (IQR), L
Urine output, median (IQR), L 5.0 (3.8-6.2) 4.1(3.3-5.1) .03 5.1(4.1-6.4) 4.2(3.7-5.1) .01
Ratio of fluid total input to 5.0 (2.1-7.8) 6.7 (4.1-11.8) .03 5.0 (2.5-7.0) 6.7 (4.0-11.4) .03
total output, median (IQR)
AVP or placebo infused, 32.8(18.5-83.8) 50.8 (20.0-91.0) 44 39 (22-87) 56 (23-94) .58
median (IQR), U
NE infused, median (IQR), pg® 581(1.2-11255) 1536 (227-8491) .40 400 (0-5900) 1400 (200-7600) 22

Abbreviations: AVP, arginine vasopressin; FFP, fresh frozen plasma;
IQR, interquartile range; NE, norepinephrine equivalent; PRBC, packed red
blood cells.

@ Values for 48-hour fluids determined from separate Wilcoxon rank sum tests.
b All vasopressor doses converted to the NE dose.

crystalloid transfused, total dose of vasopressor required, clini-
cal variables, and laboratory values at 48 hours were com-
pared. Patients receiving AVP received significantly less blood
products (median, 1.4 [IQR, 0.5-2.6] vs 2.9 [IQR, 1.1-4.8] L;
P =.01), including fewer PRBC (median, 0.6 [IQR, 0.0-1.5] vs
1.2 [IQR, 0.6-2.6] L; P = .02), FFP (median, 0.5 [IQR, 0.3-1.0]
vs 1.0 [IQR, 0.5-1.5] L; P = .01), platelets (median, 98 [IQR,
0-300] vs 300 [IQR, 0-600] mL; P = .01), and cryoprecipitate
(mean [SD], 2.3 [15.1] vs 37.2 [87.9] mL; P = .02), and had im-
proved fluid balance (median, 5.0 [IQR, 2.5-7.0] vs 6.7 [IQR,
4.0-11.4] L; P = .03) (Table 2). Although the AVP group re-
ceived a lower volume of vasopressors, these differences did
not reach statistical significance. Clinical and laboratory
variables were similar between groups at 48 hours (eFigures 1
and 2 and eTable in Supplement 2)

Complications occurring within 30 days were common, but
the incidence of developing 1 or more complications was not
significantly different between treatment groups (Table 4). Al-
though patients in the AVP group had a lower positive fluid bal-
ance at 48 hours, this did not significantly alter the incidence
of resuscitation-related complications (Table 3). Arginine va-
sopressin also did not affect the overall complication rate (24
of 44 [55%] vs 30 of 47 [64%]; P = .37), but was associated with
decreased DVTs (5 of 44 [11%] vs 16 of 47 [34%]; P = .02). No-
tably, the median time to starting DVT prophylaxis was not sta-
tistically different between groups (2 vs 2 days; P = .72). Me-
dian intensive care unit LOS (4 [IQR, 2-11] vs 9 [IQR, 3-19] days;
P = .06) was not significant, and AVP did not significantly affect
hospital LOS (14 [IQR, 10-25]vs 20 [IQR, 14-31] days; P = .12).

|
Discussion

Hemorrhage is aleading cause of death in patients with trauma.
Although blood products remain the criterion standard for

JAMA Surgery Published online August 28, 2019

treating hemorrhagic shock, they are a limited and perish-
able resource. Moreover, concerns are increasing that blood
products are immunomodulatory and may negatively affect
clinical outcomes.?”-2° Resuscitation strategies that decrease
the need for transfusions without increasing complications,
therefore, would represent a clinically important innovation.
In this single-center, randomized, double-blind clinical trial,
the early administration of AVP during the resuscitation of pa-
tients with hemorrhagic shock significantly decreased the use
of all blood products and improved fluid balance at 48 hours
without increasing overall complications.

Arginine vasopressin can affect the pathophysiology of
shock in several ways. First, AVP counteracts hypotension by
activating vascular smooth muscle V, receptors independent
of a-adrenergic stimulation.3° Arginine vasopressin also miti-
gates the vasoplegia and increased venous capacitance ob-
served in late-stage shock by inhibiting vascular adenosine tri-
phosphate-sensitive potassium channels and by blunting nitric
oxide-induced vasodilation.® Although exogenous low-dose
AVP (<0.04 U/min) has minimal vasopressor effects in normo-
tensive individuals, it dramatically improves vascular tone in
shock states associated with AVP deficiency.®3! Unlike cat-
echolamines, AVP enhances renal perfusion at low doses by
preferentially causing efferent arteriolar vasoconstriction with
relatively little effect on the afferent circulation.??3* Argi-
nine vasopressin may also promote hemostasis by inducing the
exocytosis of von Willebrand factor from endothelial cells,>*
by enhancing the procoagulant capacity of platelets, and
by significantly increasing platelet-dependent thrombin
generation.'”3> Finally, AVP can conserve intravascular vol-
ume by activating renal V, receptors.3®

Although case reports have suggested that AVP is benefi-
cial in life-threatening hemorrhage,*” it is not recommended
by Advanced Trauma Life Support guidelines.®® Indeed, va-
sopressors have been traditionally eschewed in trauma given
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Table 3. Primary and Secondary Outcomes

Study Group, Intention-to-Treat Population®

Study Group, Per-Protocol Population®

AVP
Supplemen-
tation Placebo
Outcome (n =49) (n=51) Analysis©

AVP

Supplemen-
P tation Placebo P
Value? (n = 44) (n=47) Analysis® Value?

Primary outcome

48-h Cumulative
blood products,
median (95% Cl), L

1.7(0.7t03.1) 3.0(1.4to5.2) Difference, -1.00

(-2.03 t0 0.00)

Secondary outcomes
48-h Total 0.6(0.0to14) 1.5(0.2to14) Difference, -0.11
vasopressor (-1.35t00.19)

equivalents,
median (95% Cl), g

48-h Crystalloid,
median (95% Cl), L

Fluid balance at

9.6(6.3t013) 10(8.6t015) Difference, -1.31

(-3.43t00.80)

6.0(3.0t09.2) 7.0(4.5to12) Difference, -1.89

48 h, median (-4.40t00.28)
(95%Cl), L
ARDS, No. (%) 34 (69) 40(78) RR (95% CI), 0.88
(0.70t0 1.12)
Acute kidney injury, 8 (16) 14 (27) RR (95% Cl), 0.59
No. (%) (0.27t0 1.29)
Death, No. (%) 6(12) 6(12) RR (95% Cl), 1.04
(0.36t0 3.01)
Death in OR, 5(10) 4(8) RR (95% ClI), 1.30
No. (%) (0.37 to 4.56)
Open abdomen-free 29 (28 to 29) 28 (27 to 29) HR (95% Cl), 0.78
days, median (0.46t0 1.33)
(95% Cl)¢
Time to ventilator 3(1to6) 3(2to18) HR (95% ClI), 1.17
removal, median (0.79t0 1.75)
(95%Cl), d
ICU LOS, median 5(3to15) 9(3to27) HR (95% Cl), 1.26
(95%Cl), d (0.83t01.92)
Hospital LOS, 16 (10 to 32) 22 (14to 44) HR (95% Cl), 1.17
median (95% Cl), d (0.77 t0 1.78)
Post hoc outcome
Any complication, 29 (59) 34(67) RR (95% CI), 0.89
No (%) (0.66 to 1.20)
DVT, No. (%) 10 (20) 20(39) RR (95% CI), 0.52

(0.27 to 1.00)

No. of NA NA NA
complications,
median (95% Cl)

.03 1.4(0.5t02.6) 2.9(1.1t04.8) Difference, -1.10 .01

(-2.04 t0 0.00)

.38 0.4(0.0to5.9) 1.4(0.2t07,6) Difference, -0.23 .22

(-1.37t00.53)

sl 9.9(7.9t013) 11(8.9to15) Difference, -1.07 .22

(-3.04t00.62)

Difference, -2.22 .03
(-4.40t0-0.13)

.10 5.0(2.5t07.0) 6.7 (4.0t011.0)

31 29 (66) 36 (77) RR(95%Cl),0.86 .27
(0.66t01.12)

.19 2(5) 8(17) 0.27 (0.06 to .08
1.19)

.94 NA NA NA NA

.68 NA NA NA NA

.36 28 (27 to 29) 28 (26 to 29) Difference, 0.00 .87
(-1.00to 1.00)

43 2(1to4) 3(1to12) Difference, -1.00 .11
(-2.00t0 0.00)

.28 4(2to11) 9 (3to19) Difference, -2.00 .06
(-6.00 to 0.00)

46 14 (10 to 25) 20 (14to 31) Difference, -4.00 .12
(-10.0t0 1.00)

44 24 (55) 30 (64) RR(95%Cl),0.85 .37
(0.61t01.21)

.05 5(11) 16 (34) RR(95%Cl),0.33 .02
(0.13t00.83)

NA 1(1to2) 2(1to3) Difference, 0 12
(-1to0)

Abbreviations: ARDS, acute respiratory distress syndrome; HR, hazard ratio;

ICU, intensive care unit; LOS, length of stay; NA, not applicable; OR, operating

room; RR, relative risk.

2 Includes all randomized patients. Patients who died before outcome occurred
were assumed to have the worst observed outcome.

®Includes patients who experienced the end point. Patients who died before
the end point were excluded.

€ Median difference in AVP vs saline groups was estimated using the Wilcoxon

rank sum test and Hodges-Lehmann estimation of location shift between
groups; RR, from a logistic regression model with a log link; and HR, from a Cox
proportional hazards regression model. Patients who died before event were
assigned a censoring time equal to the longest observed time to outcome.

9 Primary and secondary analyses are each assessed at P < .05 significance
criterion.

¢ Analysis only includes patients who had an open abdomen.

concerns about exacerbating tissue ischemia and worsening
outcomes. In aretrospective evaluation of trauma patients who
required vasopressors within the first 72 hours, Collier et al2°
reported that AVP use increased mortality by 20%. Similarly,
in aretrospective analysis of 921 injured patients, mortality in-
creased 2-fold if vasopressors were given within the first 24
hours.3° Arginine vasopressin, however, was the only vaso-
pressor in that study not associated with increased mortality
on logistic regression. Given the retrospective nature of these
studies, AVP may represent a marker of increased severity of
illness rather than a direct contributor to adverse outcomes.
Interestingly, in our study, vasopressors were frequently re-

jamasurgery.com

quired to maintain an MAP of at least 65 mm Hg, suggesting
that severely injured patients frequently require vasoactive
support. Indeed, the median requirement for patients receiv-
ing placebo was 1400 pg of norepinephrine equivalents at
48 hours.

Our study demonstrates that using low-dose AVP supple-
mentation in hemorrhagic shock significantly decreases the
need for blood products without increasing morbidity. Pa-
tients treated with AVP received significantly less PRBC, fewer
FFP units, and decreased platelet transfusions. Overall, this
process led to a median transfusion reduction of 1.0 L, which
translates to a decrease by roughly 3 U of PRBC or 4 U of FFP.
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Table 4. Adverse Events by Treatment Group

Study Group
AVP
Supplementation Placebo
Adverse Event (n=44) (n=47)
Any adverse event, No. (%) 35(80) 39(83)
of patients®
No. of adverse events 69 98
Adverse event, No. (%) of patients
Deep venous thrombosis 5(11) 16 (34)
Pulmonary embolus 2 (5) 3(6)
Urinary tract infection 1(2) 1(2)
Ventilator-associated 7(16) 7 (15)
pneumonia
Acute renal failure 2 (5) 8(17)
Acute respiratory distress 29 (66) 36 (77)
syndrome
Gastrointestinal bleeding 2 (5) 1(2)
Major dysrhythmia 0 1(2)
Wound infection 4(9) 5(11)
Sepsis 2 (5) 6(13)
Extremity compartment 0 3(6)
syndrome
Coagulopathy 2 (5) 3(6)
Soft tissue infection 4(9) 2(4)
Ischemia 1(2) 2(4)
Hyponatremia 5(11) 3(6)
Urticaria 1(2) 0
Arterial thrombosis 1(2) 0
Rhabdomyolysis 1(2) 1(2)

Abbreviation: AVP, arginine vasopressin.
3P = 67based on ¥ test.

In addition to being a limited and expensive resource, blood
products may independently increase the risk of complica-
tions, including venous thromboembolism, multiple-organ fail-
ure, and death.?84%-4> Moreover, given that blood products are
proinflammatory, transfusions may actually promote a hyper-
coagulable state and possibly increase the risk of DVT.*44¢
Thus, strategies that result in decreased transfusion require-
ments could potentially have significant clinical effects.

We were surprised to discover that AVP supplementation
was associated with fewer DVTs. Because AVP can activate
platelets and thus possibly promote a procoagulable state, we
tracked DVTs as a secondary safety outcome. Arginine vaso-
pressin may have indirectly affected the risk of DVT because
AVP decreased the amount of blood product transfused. Sev-
eral retrospective studies?®-2%47-48 have raised the concern that
blood transfusions increase the risk of venous thromboembo-
lism in a dose-dependent fashion. In a propensity-matched
study of more than 750 000 patients undergoing surgery,** the
risk of venous thromboembolism was 2-fold higher in pa-
tients who received 1 U of PRBC and 4.5 times higher in those
who received at least 3 U. Although a similar dose-dependent
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risk has been reported in trauma patients, further research is
needed to validate this association.*> Alternatively, AVP may
modulate the inflammatory response to trauma, thereby quell-
ing the hypercoagulable state and decreasing the risk of DVT.
This hypothesis has not been previously explored, but AVP
receptors have been identified on human macrophages and
lymphocytes. Moreover, in murine sepsis models, AVP has
been shown to downregulate nuclear factor 3 activity, de-
crease serum interleukin 6 levels, and mitigate pulmonary
inflammation.*° As such, the potential for AVP to modulate the
inflammatory response after hemorrhagic shock is intriguing
and warrants further exploration.

Limitations

Several limitations of our trial deserve mention. First, the
total dose of AVP infused varied depending on the patient’s
hemodynamic stability, and, given the technical challenges
of measuring serum AVP levels, we did not use them to
guide dosing or duration. In addition, the ideal posthemor-
rhage blood pressure control remains controversial. That
being said, AVP infusion at the physiologic dose of 0.04
U/min did not influence the blood pressure in non-AVP-
deficient participants, and only those who are AVP-deficient
would be expected to have a hemodynamic response to AVP.
Moreover, both groups were required to maintain an MAP of
at least 65 mm Hg and received vasopressors if needed.
Therefore, patients treated with placebo would have the
same likelihood of being resuscitated with blood products
and/or vasopressors as the AVP group to achieve the goal
MAP. Second, although our institution maintains resuscita-
tion guidelines, the clinical team directed the treatment
plan of each patient. Although variations in care may have
occurred, the clinical team was blinded to group assignment.
Third, our study was conducted at a single institution that
cares for a large percentage of patients with penetrating
trauma. A larger multiple-institution trial with a more
diverse population of trauma patients would be needed to
assess the generalizability of our findings. Finally, with a
cohort size of only 100 patients, we were underpowered to
detect significant differences in many clinically relevant out-
comes. Similarly, given the small sample size, we did not
adjust for multiple comparisons. As such, a larger study will
be needed to determine the effect of AVP on acute kidney
injury, acute respiratory distress syndrome, mechanical ven-
tilation, and LOS.

. |
Conclusions

In this randomized clinical trial, low-dose AVP supplementa-
tion decreased blood product requirements and DVTs in
trauma patients who presented in hemorrhagic shock. A
larger study is needed to determine the effect of AVP on mor-
bidity and mortality.
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