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Abstract
Injection ports used to administer medications and draw blood samples have inherent dead-volume. This volume can poten-
tially lead to inadvertent drug administration, contribute to erroneous laboratory values by dilution of blood samples, and 
increase the risk of vascular air embolism. We sought to characterize provider practice in management of intravenous (IV) 
and arterial lines and measure dead-volumes of various injection ports. A survey was circulated to anesthesiology physicians 
and nurses to determine practice habits when administering medications and drawing blood samples. Dead-volume of one and 
four-way injection ports was determined by injecting methylene blue to simulate medication administration or blood sample 
aspiration and using absorption spectroscopy to measure sample concentration. Among the 65 survey respondents, most 
(64.52%) increase mainstream flow rate to flush medication given by a 1-way injection port. When using 4-way stopcocks, 
56.45% flush through the same injection site. To obtain a sample from an arterial line, 67.74% draw back blood and collect 
the sample from the same 4-way stopcock; 32.26% use a different stopcock. Mean (SD) dead-volume in microliters ranged 
from 0.1 (0.0) to 5.6 (1.0) in 1-way injection ports and from 54.1 (2.8) to 126.5 (8.3) in 4-way injection ports. The practices 
of our providers when giving medications and drawing blood samples are variable. The dead-volume associated with injection 
ports used at our institution may be clinically significant, increasing errors in medication delivery and laboratory analysis.

Keywords  Administration, intravenous · Blood specimen collection · Embolism, air · Medication error · Vascular access 
device

1  Introduction

Drug delivery can be significantly affected by the manner 
medications are administered through intravenous (IV) lines 
[1, 2]. Intravenous fluid and drug delivery systems have 
inherent volumes that can serve as reservoirs for medica-
tions, fluids, or air, variably referred to as dead-space or 
dead-volume. The interaction of dead-volume with car-
rier fluid flow rates can lead to medication delivery errors 
[3, 4]. Furthermore, adjustments of infusion rates may be 

significantly delayed reaching patients due to system dead-
volume [5]. Injection ports used to administer medications 
or draw blood samples for laboratory analysis contain some 
amount of dead-volume [1]. Consequences of this dead-
volume have been previously studied, including the infec-
tious risk posed by residual propofol [6]. Air contained in 
this dead-volume has also been attributed to fatal outcomes 
[7]. Furthermore, the inherent inaccuracy in small volume 
measurement [8, 9] may exacerbate these inconsistencies 
with the precision of medication delivery.

Recently, we observed two types of outcome for which 
root causes could not be identified and for which dead-
volumes may have played a role: (i) Two surgical patients 
appearing to have re-onset of muscle paralysis in the perio-
perative period even though unintentional administration 
of a neuromuscular blocker had been ruled out; (ii) Serial 
measurement of arterial hematocrit in ICU patients yield-
ing low values subsequently determined to be erroneous. 
To investigate the potential role of dead-volume in these 
scenarios, we first sought to characterize the practices of 
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medical providers when administering medications and 
drawing blood samples. Next, using a laboratory model, 
we measured the amount of dead-volume in the injection 
ports and 4-way stopcock side-ports currently used in IV 
and arterial-line systems at our institution.

2 � Materials and methods

2.1 � Conceptualization of problem

2.1.1 � One‑way injection port medication administration

One-way injection ports (Fig. 1a, i.) are commonly used 
to bolus medications (ii.). It is possible for residual medi-
cations to be retained in the dead-volume of the injection 
port after flushing of mainstream tubing (iii.). Introduc-
tion of dead-volume content into mainstream flow during 
subsequent use of the injection port (iv.) is one potential 
consequence of not recognizing this dead-volume.

2.1.2 � Four‑way stopcock medication administration

Stopcocks (Fig. 1b, i.) can be used to bolus medications (ii.). 
After mainstream flushing, medication could remain in the 
dead-volume comprised of the stopcock injection port neck 
and valve conduit (iii.). If this dead-volume is not cleared, 
subsequent administration of any fluid through the injection 
port could result in unintended medication administration 
(iv.).

2.1.3 � Four‑way stopcock blood sampling

Four-way stopcocks associated with arterial or central line 
systems can be used to sample blood (Fig. 2a). After collect-
ing a sample (i.), the side-stream port neck can be cleared of 
blood by flushing from an upstream source (ii.) and blood in 
the tubing and arterial catheter can then be cleared by main-
stream flushing (iii.). In preparing to obtain a subsequent 
sample, if blood is aspirated from an upstream stopcock to 
clear crystalloid (iv.), unintended dilution or contamination 
of the sample could ensue due to crystalloid contained in the 
sampling stopcock dead-volume (v.).

Fig. 1   Conceptualization of dead-volume in injection ports dur-
ing medication administration. Dead-volume is present in the 1-way 
injection port neck (a) which is shown here to initially contain air (i.). 
After medication administration (ii.) and mainstream flushing, medi-
cation can occupy the dead-volume (iii.). If this dead-volume is not 
cleared, subsequent administration of any fluid can lead to unintended 
medication administration (iv.). Dead-volume is present in the 4-way 
injection port neck and valve conduit (b) which is shown here to ini-

tially contain air (i.). After medication administration (ii.) and main-
stream flushing, medication can occupy the dead-volume (iii.). If this 
dead-volume is not cleared, subsequent administration of any fluid 
can lead to unintended medication administration (iv.). To simulate 
medication administration via 1-way injection ports (a) and 4-way 
stopcocks (b), methylene blue was used as a surrogate for the medica-
tion
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2.2 � Materials

Injection ports, IV lines, syringes, and Plasmalyte-A were 
collected from materials opened for use in the operating 
room which had subsequently expired and were to be dis-
carded. Methylene blue, Eppendorf tubes, 96 well plates, 
and pipette tips were purchased by the authors’ Department 
of Anesthesiology. Specific stopcocks and injection ports 
studied include the low flow 4-way stopcock included with 
arterial lines (ICU Medical, Ref 46053-14), the individu-
ally packaged high flow 4-way stopcock (ICU Medical, Ref 
B4018), the 4-way stopcock included with Y-type blood tub-
ing (Braun, Ref 490422), the 1-way injection port included 
in Y-type blood tubing (Braun, Ref 490422), and the 1-way 
injection port included in Outlook Infusion System tubing 
(Braun, Ref 354213).

2.3 � Provider survey

Given the nature of the study, no formal Institutional Review 
Board approval was necessary, and a waiver stating this was 
obtained. A survey (Appendix 1) regarding provider prac-
tices when administering medications through IV lines and 
drawing blood samples from 4-way stopcocks was distrib-
uted to attending, fellow, and resident anesthesiologists, as 
well as nursing staff at the multiple institutions affiliated 
with the authors’ Department of Anesthesiology. Par-
ticipation was invited by an initial e-mail and a follow-up 
reminder. There was no incentive offered for participation 
in the survey and results were kept anonymous. In order 

to prevent incomplete responses, all items in the survey 
required a response.

2.4 � Spectrometric measurements

Methylene blue was used as a surrogate for medication or 
crystalloid in simulation experiments as it is commercially 
available and the concentration may be easily determined 
by spectrometric measurement. Absorption spectrometric 
measurements were conducted using a Clariostar Multi-
mode micro plate reader (BMG Labtech). Preliminary spec-
trum analysis of our stock methylene blue revealed three 
main absorption peaks at 608, 664, and 668 nm; 608 nm 
was chosen because it had the largest extinction coefficient.

2.5 � Simulated medication administration 
through 1‑way injection port

The 1-way injection ports included in Y-type blood tubing 
and Outlook Infusion System tubing were studied in this 
simulation. Methylene blue was used to represent medication 
and Plasmalyte-A was used as crystalloid during mainstream 
and injection port flushing (Fig. 1a). Each 1-way injection 
port was primed with Plasmalyte-A (i.). Methylene blue 
(1 mL) was administered using a luer lock syringe to simu-
late medication administration (ii.). Plasmalyte-A (20 mL) 
was then used to flush the line from above to ensure only 
methylene blue in the injection port dead-volume remained 
(iii.). The dead-volume was evacuated by flushing the injec-
tion port with two successive 5 mL aliquots of Plasmalyte-A 

Fig. 2   Conceptualization of 
dead-volume in 4-way stop-
cocks during blood sampling. 
The stopcock (a) is shown in a 
state immediately after blood 
has been sampled (i) It is not 
uncommon for blood to be 
cleared from the side-stream 
port neck by flushing crystal-
loid from upstream (ii) and 
then flushing the mainstream 
tubing to catheter tip (iii). If 
in preparing to obtain another 
sample, blood is first aspirated 
via an upstream stopcock to 
clear tubing of crystalloid 
(iv.), blood aspirated from the 
sampling stopcock can become 
diluted and contaminated (v., 
upstream stopcock not shown). 
To simulated blood sampling 
via stopcock side-stream port 
(b), methylene blue was used as 
a surrogate for crystalloid
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(iv.); these aliquots were collected downstream and used to 
calculate the dead-volume (Appendix 2). This procedure 
(Fig. 1a, i–iv) was performed on three individual 1-way 
injection ports of each type.

2.6 � Simulated medication administration 
through a 4‑way stopcock

The 4-way stopcocks included in our arterial line system, 
Y-type blood tubing, and the individually packaged high-
flow type were studied in this experiment. Methylene blue 
was used to represent medication, and Plasmalyte-A was 
used as crystalloid during mainstream and injection port 
flushing (Fig. 1b). The primed stopcock (i.) was turned with 
the off position to upstream flow and methylene blue (1 mL) 
was administered using a luer lock syringe (ii.). Next, with 
the stopcock turned off to the injection port (iii.), 20 mL 
of Plasmalyte-A was flushed (mainstream) to ensure that 
only methylene blue remained in the injection port neck and 
valve conduit. The stopcock was then opened to the injection 
port (iv.) and two successive 5 mL aliquots of Plasmalyte-A 
were administered with a luer lock syringe, collected at the 
downstream end, and used to calculate dead-volume. This 
procedure (Fig. 1b, i–iv.) was performed on 3 individual 
4-way stopcock of each type.

2.7 � Simulated blood sampling through a 4‑way 
stopcock

The 4-way stopcocks studied in this experiment were 
those included in the arterial line tubing and the individu-
ally packaged high-flow type. Methylene blue was used 
to represent crystalloid or blood retained in dead-volume, 
and Plasmalyte-A was used to represent crystalloid during 
mainstream flushing (Fig. 2b). Stopcocks were primed with 
Plasmalyte-A. To fill the dead-volume with methylene blue, 
a luer locked syringe was attached to the upstream port, and 
methylene blue (1 mL) was injected and allowed to flow 
out of the side-stream port neck (ii.). With the stopcock 
position off to the side-stream port, the mainstream conduit 
was flushed with 20 mL of Plasmalyte-A to ensure that only 
methylene blue remained in the side-stream port neck and 
valve conduit (iii.). Then 10 mL of Plasmalyte-A was used 
to evacuate the side-stream port using a luer lock syringe in 
the same flow direction as initial methylene blue adminis-
tration (iv.); this aliquot was collected and used to calculate 
dead-volume. This procedure (Fig. 2b, i–iv) was performed 
on three individual 4-way stopcocks of each type.

2.8 � Statistical analysis

Standard calibration curves were set-up by serially diluting 
methylene blue 10 times by a factor of 2 with Plasmalyte-A. 

Each standard sample was aliquoted on the spectromet-
ric well plates to generate three replicates for analysis at 
608 nm. The three absorption measurements for the given 
dilution were averaged and the dilution factors were plotted 
as a function of measured absorption. The linear portion 
of the curve was used to determine a line of best fit. Each 
experimental procedure was performed three times on each 
stopcock or injection port. The absorption of experimental 
samples was subsequently determined by aliquoting each 
sample to generate three replicates for analysis at 608 nm. 
These three replicates were then averaged to give an average 
absorption for the single experimental run. These absorp-
tion results from the three experimental runs per stopcock 
or injection port were then averaged to produce a final aver-
age absorption value. This final average absorption and the 
standard calibration curve were used to determine dead-
volume (Appendix 2). Calculated dead-volume for each 
injection port type is reported as mean ± standard deviation.

3 � Results

3.1 � Provider survey

Sixty-five individuals who completed the survey were rep-
resented by attending, fellow and resident physicians, nurse 
anesthetists, and critical care nurses. Areas of practice 
included cardiothoracic, neuro, obstetric, pediatric and gen-
eral anesthesiology, as well as regional/acute pain, chronic 
pain, and critical care. When administering a medication 
through a 1-way injection port, 35.48% flush through the 
same injection port as the medication was given through, 
while 64.52% simply increase the mainstream flowrate. 
When administering medication through the side-port of a 
4-way stopcock, 56.45% flush medication in using the same 
injection site, while 43.55% use a different injection site or 
increase mainstream flowrate. When obtaining a sample of 
blood from an arterial line, 67.74% draw back blood (clear-
ing dead-volume) and collect the sample from the same 
4-way stopcock, while 32.26% use two different stopcocks. 
A majority (85.48%) flush residual blood out of the side-
stream port after obtaining the sample. Regarding medica-
tion administration, 66.13% remain committed to using a 
single injection port throughout a case.

3.2 � Dead‑volume measurements

Calculated dead-volumes obtained during simulated medica-
tion administration were generally higher in 4-way stopcocks 
compared to 1-way injection ports. Dead-volume associated 
with the infusion tubing injection port was negligible while 
dead-volume associated with the Y-tubing injection port 
was comparably larger but about an order of magnitude 
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smaller than dead-volumes measured in stopcocks (Table 1). 
Depending on the injection port type, between 0.1 and 1.2% 
of total dead-volume was measured in the second sequen-
tial 5 mL sample collected (not considering the Horizon 
Infusion system injection port which had negligible dead-
volume). Among the 4-way stopcocks, the largest dead-
volume was measured in the high-flow stopcock, and the 
smallest was measured in the arterial-line stopcock. In the 
setting of simulated blood sampling, higher dead-volumes 
were measured in these 2 stopcocks relative those obtained 
during simulated medication administration (Table 1).

4 � Discussion

A system approach to safety involves layering defenses, 
barriers, and safeguards between hazards and patients [10]. 
Holes in these layers can be classified as either active fail-
ures (e.g. unsafe acts) or latent factors (which can include 
inherent and often unknown properties of equipment), and 
when a combination of these holes line up, opportunity 
(accident trajectory) for patient harm exists (referred to 
as the “Swiss cheese model”). The impetus for the current 
study was the anecdotal reporting of odd and unexpected 
observations relating to apparent re-onset of muscle paraly-
sis and erroneous blood test measurements. We identified 
two factors at our institution that could explain these out-
comes: variable/inappropriate practice related to injection 
port and stopcock use (active failure) and the presence of 
potentially clinically significant levels of dead-volume in 
injection ports and stopcocks (latent factor). We conclude 
based on our findings that it is plausible that a combination 
of these factors could lead to scenarios of inadvertent drug 
administration and inaccurate blood sampling with subse-
quent unwarranted transfusion.

Although medical supplier product catalogues typically 
include the priming volume for IV line products, this volume 
is distinct from the functional dead-volume of injection ports 
which we sought to characterize. One prior study examined 
the functional dead-volume of various injection ports [1]. 
Their study demonstrated generally higher amounts of dead-
volume, with results varying from 0.10 to 0.43 mL, while 
our study demonstrated volumes varying from negligible for 
the Outlook Infusion System tubing injection port to almost 
0.13 mL for the high flow 4-way stopcock. This difference 
may reflect the fact that our study simulated the administra-
tion of medications and blood draws and reproduced the 
manner by which dead-volume content may be subsequently 
released. However, it is also possible that product design has 
improved since the prior study. Indeed, there is an unexpect-
edly large difference between the dead-volumes measured in 
the two 1-way injection ports we studied. Clearly, it is possi-
ble to design a 1-way injection port with little or no inherent 
dead-volume as in the Outlook Infusion System tubing injec-
tion port. However, it is less clear how dead-volume could 
be eliminated in 4-way stopcocks. The results of this study 
help emphasize this engineering and design gap. Addition-
ally, preferential purchase by hospitals of system tubing with 
minimal or no dead-volume over those with larger volumes 
should help mitigate associated risk.

Almost half of survey respondents at our institution 
report flushing through a different injection site or increas-
ing mainstream flowrate when administering medications 
through a 4-way stopcock which can have almost one-tenth 
of a milliliter of dead-volume as measured during simulated 
medication administration. Table 2 shows predicted amounts 
of common medications that could be inadvertently admin-
istered in this scenario. Although this dead-volume might 
not seem immediately relevant in an adult setting, it cer-
tainly bears consideration in pediatrics, where volumes less 
than one milliliter may commonly be used. Casella, et al. 
measured the accuracy of pediatric nursing staff attempting 
to deliver small volumes of insulin [9]. They found that, 
particularly when attempting to deliver smaller volumes, 
dose delivery could be both inaccurate and imprecise. When 
attempting to deliver 0.5 units of insulin, the average deliv-
ered amount was nearly twice the intended dose. Muffly, 
et al. measured the accuracy of both pediatric anesthesi-
ologists and pediatric nurses in measuring small volumes 
[8]. Their experimental design was similar to ours in that it 
involved the measurement of a fluorescent dye and determi-
nation of medication delivery by measurement of sample flu-
orescence. Their results show that attempted measurement of 
volumes less than or equal to 0.5 mL resulted in significant 
variation, with increasing variability for diminishing vol-
umes. When considered in the context of our results, where 
some 4-way injection ports contain over a tenth of a milli-
liter of dead-volume, drug delivery may be highly inaccurate 

Table 1   Dead-volumes (in microliters) observed during simulated 
medication administration and blood sampling

SD standard deviation
a Percentage of dead-volume present in the second 5 mL used to evac-
uate

Medication adminis-
tration

Blood sampling

Mean (SD) %a Mean (SD)

One-way injection port
 Y-tubing 5.6 (1.0) 1.1 –
 Infusion pump tubing 0.1 (0.0) 2.6 –

Four-way stopcock
 Arterial line 54.1 (2.8) 0.1 84.1 (4.4)
 High flow 82.3 (1.5) 0.5 126.5 (8.3)
 Y-tubing 67.9 (6.1) 1.2 –
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if providers do not account for injection port dead-volume 
when administering medications. Considering neuromuscu-
lar blockade, a maintenance dose of rocuronium (0.1 mg/
kg) could be inadvertently administered to a 7 kg pediatric 
patient if the dead-volume (almost 70 mcL) measured in our 
IV tubing 4-way stopcock contained 10 mg/mL of rocuro-
nium. Under similar circumstances, 6.8 mcg of epinephrine 
could be inadvertently administered (see Table 2). The risk 
of air entrained within dead-volume is also of higher conse-
quence in pediatric patients, as highlighted by one report of 
air embolism suspected during medication administration 
[7]. For smaller patients such as full-term and premature 
neonates who often weigh between 2 and 4 kg, the risk of 
adverse outcomes is obviously higher.

One-third of respondents at our institution reported using 
two different stopcocks when drawing blood samples and 
a majority flush residual blood out of the injection port 
after obtaining the sample. Blood tests such as arterial 
blood gases, resuscitation panels, and i-STAT assays can be 
performed with sample volumes of 0.5 mL. Concern over 
iatrogenic anemia [11, 12] has helped foster the adoption 
of blood conservation strategies which encourage minimiz-
ing blood sample volume associated with lab tests [12, 13]. 
Manufacturers of point-of-care laboratory systems such as 
i-STAT do not give specific guidance as to the suggested 
volume of sampling (http://www.point​ofcar​e.abbot​t/us/en/
offer​ings/suppo​rt/techn​ical-docum​entat​ion/user-guide​s). In 
this situation, the dead-volume observed in our arterial line 
system stopcocks would represent 16–26% of the total blood 
sample drawn, and commonly measured parameters would 

be underestimated accordingly. The magnitude of underes-
timation would obviously be decreased at higher sampling 
volumes (Table 3), however, universal use of one stopcock 
is an attainable change in practice that would obviate risk of 
sample dilution and allow for blood conservation strategies.

Intravenous and arterial tubing must be primed in order 
to remove air. Incomplete priming may leave residual air in 
injector port dead-volume (Figs. 1a, i; b, i and 2a, i) which 
can subsequently be introduced into patients. Vascular air 
embolism is an underappreciated and yet potentially serious 
complication usually associated with large administered air 
volumes [14]. However, volumes as low as 20 mcL associ-
ated with syringe injection may have contributed to the death 
of a small neonate [7]. We measured dead-volume more than 
three times this size in the stopcock that comes with our IV 
tubing. In patients with atrial septal defects including adults, 
small volumes can occlude coronary vessels (paradoxical air 
embolism) [15]. Manual flushing of arterial lines can cause 
retrograde blood flow which can deliver vascular air emboli 
to the brain [16, 17]. Attempts to minimize variability of 
practice among providers in favor of practices that effec-
tively account for dead-volume when managing arterial line 
systems should help decrease risk of vascular air embolism.

As a result of this study, the following changes to practice 
will be promoted in our department:

1.	 All IV and arterial systems will be primed by flushing 
mainstream tubing and injection ports before use with 
patients. This will evacuate air from the injection port 
dead-volume.

2.	 After administering medication through an injection 
port, at least 5 mL volume of crystalloid will be adminis-

Table 2   Unintended dose of selected medications as a function of 
dead-volume

Medication Concentration Calculated unintended dose

Y-tubing stop-
cock

High flow 
stopcock

Rocuronium 10 mg/mL 0.7 mg 0.8 mg
Epinephrine 100 mcg/mL 6.8 mcg 8.2 mcg

10 mcg/mL 0.7 mcg 0.8 mcg
Ephedrine 5 mg/mL 0.3 mg 0.4 mg
Phenylephrine 100 mcg/mL 6.8 mcg 8.2 mcg
Nicardipine 250 mcg/mL 17.0 mcg 21.0 mcg

100 mcg/mL 6.8 mcg 8.2 mcg
Esmolol 10 mg/mL 0.7 mg 0.8 mg
Heparin 20,000 units/mL 1358 units 1646 units

10,000 units/mL 679 units 823 units
5000 units/mL 340 units 412 units
2000 units/mL 136 units 165 units
1000 units/mL 68 units 82 units

Insulin 500 units/mL 34 units 41 units
100 units/mL 7 units 8 units

Table 3   Effect of dead-volume (dead-volume (= 84.1  μL) measured 
from arterial line system 4-way stopcock) on selected measurements 
of drawn blood

Collected sample volume (mL)

0.3 0.5 1.0 2.0 3.0

Hematocrit (%)
 20 15.0 17.1 18.4 19.2 19.5
 30 22.4 25.7 27.7 28.8 29.2
 40 29.9 34.2 36.9 38.4 38.9

PaO2 (mmHg)
 60 44.9 51.4 55.3 57.6 58.4
 120 89.8 102.7 110.7 115.2 116.7
 250 187.0 214.0 230.6 239.9 243.2
 600 448.9 513.6 553.4 575.8 583.6

PaCO2 (mmHg)
 30 22.4 25.7 27.7 28.8 29.2
 40 29.9 34.2 36.9 38.4 38.9
 50 37.4 42.8 46.1 48.0 48.6

http://www.pointofcare.abbott/us/en/offerings/support/technical-documentation/user-guides
http://www.pointofcare.abbott/us/en/offerings/support/technical-documentation/user-guides
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tered as a chaser to clear the injection port dead-volume 
of medication. The provider may use more volume as 
needed for medication to reach the patient.

3.	 Blood sampling from arterial and central venous systems 
will be performed using a single stopcock to avoid dilu-
tion or contamination of sample.

Our study was limited in that it only included equip-
ment used specifically at our institution and only surveyed 
practitioners from one department. Other providers may 
therefore have difficulty when considering how to modify 
their practices when approaching the equipment avail-
able at their own institution. In addition, practice habits 
of practitioners in our department may not necessarily 
represent that of practitioners in other departments. Our 
data does still demonstrate that many stopcocks and injec-
tion ports contain a relevant amount of dead-volume, and 
any medical provider administering medications should 
be aware of the potential impact of this on medication 
delivery. In addition, our study assumes that methylene 
blue responds identically within IV equipment as other 
commonly used medications. This may not be the case, 
and methylene blue may have a different affinity to adhere 
to the inside of tubing relative to other medications. It is 
also worth mentioning that we obtained slightly different 
values for the dead-volume of the side-stream ports of 
the 4-way stopcocks in the medication administration and 
blood sample aspiration experiments (Table 1). This is 
likely due to the different manner fluid fills the side-stream 
port during injection into the flow stream versus flush from 
the flow stream.

This study demonstrates that injection ports and stop-
cocks can contain clinically relevant amounts of dead-
volume. Although it is unlikely the dead-volume of an 
injection port contains sufficient neuromuscular blocking 
drug to result in re-onset of neuromuscular blockade in an 
adult patient, this is a valid concern in pediatric patients. 
In addition, depending on sampling practices, the dead-
volume of sampling ports may certainly contribute to 
erroneously low hemoglobin levels. Clinical practice that 
does not account for the presence (known or unknown) of 
dead-volume can potentially lead to errors in medication 
delivery and laboratory analysis.
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Appendix 1

Provider survey

Question 1. When administering a medication through a 
one-way injection port on an IV line, do you typically flush 
the medication in:

By flushing through the same injection port as the medi-
cation was given through?
By increasing the flow rate of the IV line?

Question 2. When administering a medication through 
the side-port of a 4-way stopcock, do you typically flush 
the medication in by flushing through:

The same injection site as the medication was given?
A different injection site or increasing the flow rate of 
the IV line?

Question 3. When you draw a blood sample from an 
arterial line, do you typically draw back on the line and 
remove the blood sample from:

The same 4-way stopcock?
A different 4-way stopcock (e.g., one closer to the 
patient)?

Question 4. After drawing a blood sample from an arte-
rial line, do you flush out and remove the residual blood 
from the side port from where you drew the sample? (Yes 
or No)

Question 5. Do you remain committed to using a single 
injection port to administer all medications throughout a 
case? (Yes or No)
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Appendix 2: calibration curves 
and calculation of dead‑volume

Calibration curve set‑up

On the day of experiments, calibration curves were set-up 
by serially diluting stock methylene blue 10 times by a fac-
tor of 2 with Plasmalyte-A. Each standard sample dilution 
was aliquoted on the spectrometric well plates to generate 
three replicates for spectrometric analysis at a wavelength 
of 608 nm. The three measures were averaged to determine 
standard sample absorption. The calculated dilution factors 
were plotted as a function of measured absorptions. The lin-
ear portion of the curve was used to calculate the equation 
of a line of best fit (Fig. 3).

Calculation of dead‑volume

Each collected experimental sample was plated to generate 
three replicates and the three absorption measurements were 
averaged to yield the absorption for the given experimental 
sample. The three experimental runs for each stopcock or 
injection port were then averaged to yield a final absorp-
tion value. Dead-volume was calculated by determining an 
experimental sample’s dilution based on the calibration’s 
equation of a line. The sample’s dilution was then multiplied 
by the volume of the collected sample to yield the calculated 
dead-volume. Using this approach, it was not necessary to 
determine the concentration of stock methylene blue. In the 
simulations of drug administration (Fig. 1), two sequential 
5 mL samples were collected when evacuating methylene 
blue. In this case, dead-volumes were calculated separately 
for the sequential samples and then added to calculate the 
total dead-volume.
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