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Abstract

Background: Hyperglycemia and hypoglycemia are associated with adverse clinical outcomes in intensive care patients. In
product development studies at 4 ICUs, the safety and performance of an intravascular continuous glucose monitoring (IV-
CGM) system was evaluated in 70 postsurgical patients.

Methods: The GluCath System (GluMetrics, Inc) used a quenched chemical fluorescence mechanism to optically measure
blood glucose when deployed via a radial artery catheter or directly into a peripheral vein. Periodic ultrasound assessed blood
flow and thrombus formation. Patient glucose levels were managed according to the standard of care and existing protocols
at each site. Reference blood samples were acquired hourly and compared against prospectively calibrated sensor results.

Results: In all, 63 arterial sensors and 9 venous sensors were deployed in 70 patients. Arterial sensors did not interfere
with invasive blood pressure monitoring, sampling or other aspects of patient care. A majority of venous sensors (66%)
exhibited thrombus on ultrasound. In all, 89.4% (1383/1547) of arterial and 72.2% (182/252) of venous measurements met
ISO15197:2003 criteria (within 20%), and 72.7% (1124/1547) of arterial and 56.3% (142/252) of venous measurements met
CLSI POCT 12-A3 criteria (within 12.5%). The aggregate mean absolute relative difference (MARD) between the sensors and
the reference was 9.6% for arterial and 14.2% for venous sensors.

Conclusions: The GluCath System exhibited acceptable accuracy when deployed in a radial artery for up to 48 hours in
ICU patients after elective cardiac surgery. Accuracy of venous deployment was substantially lower with significant rates of
intravascular thrombus observed using ultrasound.
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Hyperglycemia is common in critically ill patients, and is
associated with increased mortality.' Insulin therapy to main-
tain glycemic control is the recommended standard of care for
both postcardiac surgery patients and more broadly in critical

objective of the product development studies described in
this report was to assess the safety and performance of the
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care.”® However, intensive glucose control has been shown to
result in an increased incidence of severe hypoglycemia,
which is independently associated with mortality.** The cur-
rently available methods for intermittently monitoring blood
glucose may contribute to the risk of hyper and hypoglyce-
mia. Continuous glucose monitoring holds the promise of
reducing these risks while allowing more intensive glucose
control, which may improve clinical outcomes.®

The GluCath IV-CGM System was an investigational
device designed to monitor blood glucose accurately, conve-
niently, and continuously in critically ill patients. The
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device in postcardiac surgery ICU patients, who are already
managed with a glycemic control protocol. Composite data
are presented from 70 patients across 4 inpatient clinical
sites. Data have previously been reported from outpatient
studies and 2 of the 4 inpatient sites.”"

Methods

Study Design and Patient Selection

Patients were enrolled in a 2 cohorts. In the first cohort initi-
ated September 2011, an arterial sensor was deployed for up
to 24 hours at 3 sites: Thomas Jefferson University (TJU) in
Philadelphia, PA, USA, Royal North Shore Hospital (RNSH)
in Sydney, Australia, and Onze Lieve Vrouwe Gasthuis
(OLVG) in Amsterdam, the Netherlands. In the second
cohort initiated October 2012, an arterial sensor was deployed
for up to 48 hours at 2 sites (RNSH, OLVG) and a venous
sensor was deployed for up to 48 hours at 2 sites: RNSH and
Saint Luke’s Mid America Heart Institute (MAHI) in Kansas
City, MO, USA. System enhancements were introduced over
the course of the study.

Study protocols were approved as nonsignificant risk
investigations by each site’s Institutional Review Board or
Ethics Committee. Common inclusion criteria were age > 18
years; planned ICU admission after elective surgery; consent
to periodic ultrasound examinations, blood sampling, and
insertion of a GluCath sensor through a standard radial artery
catheter or into a peripheral vein. Exclusion criteria were an
expected ICU stay of < 24 hours; known pregnancy; or a
known contraindication to heparin.

Study Device

The GluCath System used a quenched chemical fluorescence
sensing mechanism to optically measure glucose in blood."
Blue light was transmitted via an optical fiber to illuminate
the sensing chemistry at the distal tip of the sensor. The sens-
ing chemistry fluoresced green (530 nm) in proportion to the
glucose level. This response was sensitive to both tempera-
ture (Figure 1) and pH (Figure 2). Local temperature was
measured with a thermocouple deployed adjacent to the opti-
cal fiber. Differences in the fluorescent response at 2 excita-
tion wavelengths (420 and 470 nm) were used to correct for
the effect of pH on the glucose response.'? Sensors lots were
characterized during the manufacturing process to determine
parameters for a Michaelis-Menten calibration curve, indi-
vidual sensor parameters were then prospectively calibrated
in vivo using glucose and pH values obtained from a refer-
ence analyzer."

The arterial sensor was deployed into the radial artery
approximately 2 cm beyond the arterial catheter (Figure 3).
The venous sensor was deployed directly in a vein extending
up to 10 cm past the venous access site (Figure 4). It was
inserted into a vein of the upper arm via ultrasound-guided
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Figure 2. Calibration curve at varying pH.

Figure 3. Schematic of the arterial GluCath sensor deployed via
catheter.

Figure 4. Schematic of the venous GluCath sensor deployed
intravascularly.
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Figure 6. Venous GluCath sensor.

over-the-needle direct access or modified Seldinger tech-
nique. The intended terminal position of the sensor tip was
distal to the subclavian arch, approximately 2 cm below the
axillary vein, similar to a midline catheter.

The arterial sensor was housed in a sterile extension set
that attached directly to the hub of an arterial access catheter
(Figure 5), supporting pressure monitoring, blood sampling
and saline flush administration. Heparin (1 U/mL) was added
to the saline flush for all RNSH patients and the second half
of TJU patients. The housing was modified for the 48-hour
study cohort to remove a telescoping mechanism that resulted
in repeat device malfunctions. The venous sensor had a
suture wing for securement to the patient using a commercial
device (Figure 6).

The GluCath monitor was portable and battery-operated,
suitable for patient transport (Figure 7). Various software and
hardware versions were used during the study. Most notably
for the 48-hour study cohort, the measurement frequency
was reduced from 60 to 10 seconds and the user interface for
entering reference glucose and pH values to calibrate was
simplified.

Study Procedure

Patients were screened and consented prior to their sched-
uled surgery. Upon postsurgical ICU admission and stabili-
zation, an ultrasound examination was performed and the
sensor inserted using aseptic technique. A repeat ultrasound

Figure 7. GluCath monitor.

Figure 8. Ultrasound of arterial GluCath sensor.

was performed after sensor insertion and again prior to
removal (Figure 8). At approximately 60 and 120 minutes
after sensor insertion, the system was calibrated in vivo to
blood glucose and pH values measured using a reference
analyzer. In 48-hour cases, sensors were recalibrated each
morning of the glucose monitoring period.

Continuous surveillance of each patient was conducted
while the GluCath sensor was indwelling, to identify factors
contributing to device performance and ensure patient safety.
Incidence of pressure monitoring waveform dampening or
difficulty withdrawing blood samples was recorded. Patients
were examined for potential adverse effects following
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Table 1. Sensor Deployments and Results by Study Site.

Deployment Site Duration Patients Paired Points MARD (%) ISOI15197: 2003 (%) POCT 12-A3 (%)
Arterial TJU 24 hours 10 84 1.4 83.3 69.0
OLVG 24 hours 5 98 16.5 69.4 44.9
48 hours 8 207 1.9 86.5 63.8
RNSH 24 hours 20 (1)* 400 12.4 8238 60.5
48 hours 20 758 6.4 97.0 85.5
Arterial total 63 1547 9.6 89.4 80.8
Venous MAHI 48 hours 73)° 161 15.1 67.7 50.9
RNSH 48 hours 2 (2)° 9l 12.7 80.2 65.9
Venous total 9 246 14.2 715 55.7

*Indicates consented patients in whom a sensor was not deployed. Four RNSH patients consented to deployment of both an arterial and venous sensor,

but only 2 venous sensors were successfully deployed.

removal of the sensor. A follow up examination was per-
formed within 48 hours of removal. Participation in the study
concluded after the follow-up examination or resolution of
any adverse event.

Arterial (TJU, RNSH, OLVG) or central venous (MAHI)
blood samples for performance analysis were drawn no more
than once every 60 minutes, by a dedicated study nurse (TJU,
RNSH, MAHI) or the bedside nurse (OLVG). The volume of
blood withdrawn was minimized using a Venous Arterial
Blood Management Protection (VAMP) system (Edwards
Lifesciences, Irvine, CA, USA). Blood glucose and pH were
measured using a point-of-care reference analyzer
(Radiometer ABL at RNSH and OLVG, i-STAT 1 at MAHI
and TJU). Patient blood glucose and insulin infusions were
managed using the existing ICU protocol and standing orders
for each patient (blood glucose target range 100-180 mg/dL
or 6-10 mmol/L). The glucose values from the GluCath
System were not displayed or used for patient care. Reference
analyzer results were not blinded to clinical staff and were
expected to influence patient care. The sensor was removed
when the radial artery catheter was removed, prior to the
patient’s discharge from the ICU, or after the intended 24- or
48-hour monitoring period.

Study End Points and Statistical Analysis

Performance of the system was assessed against the within
20% accuracy metric from the older ISO 15197:2003 outpa-
tient standard (current at the time the protocols were written
and widely reported in published CGM accuracy studies)
and the within 12.5% metric from the current CLSI POCT
12-A3 guidance for inpatient discrete blood glucose moni-
toring devices. The 2003 ISO criteria specified that 95% of
device results be within + 15 mg/dL (0.83 mmol/L) for refer-
ence glucose values < 75 mg/dL (4.2 mmol/L) and within
20% for reference glucose values > 75 mg/dL. CLSI POCT
12-A3 specifies that 95% of the device results be within + 12
mg/dL (0.67 mmol/L) for reference glucose values < 100
mg/dL (5.55 mmol/L) and within 12.5% for reference glu-
cose values > 100 mg/dL. In addition, no more than 2% of

device results may exceed + 15 mg/dL (0.83 mmol/L) for
reference glucose values < 75 mg/dL (4.2 mmol/L) or 20%
for reference glucose values > 75 mg/dL. Data were further
analyzed by calculating the mean absolute relative difference
(MARD) per patient, cohort and site. Data were visualized
using a modified Bland—Altman plot comparing the differ-
ence between GluCath System and reference analyzer against
the reference analyzer glucose.

Statistical analysis was performed by GluMetrics, Inc
staff using MatLab (MathWorks, Natick, MA, USA) and
Excel (Microsoft, Redmond, WA, USA). Prospectively cali-
brated glucose records were recorded by the monitor every
60 (first cohort) or 10 seconds (second cohort). GluCath
System results over a 5-minute time interval immediately
prior to the recorded blood sample draw time were averaged
and paired with the reference analyzer glucose value. This
procedure minimized artifacts introduced by the arterial
blood sampling and saline flush process. Automation of this
pairing and averaging process for consistency across study
cohorts resulted in minor variance from previously reported
single-site data.

Results

Baseline Characteristics

Seventy patients were enrolled from September 2011 thru
April 2013 across the 4 sites. Except for 4 initial general sur-
gery patients at the TJU site, all patients were postcardiac
surgery (45%, CABG, 40% valve, 9% both). The mean age
was 67 years, 73% were male, 93% were Caucasian, and
28% had diabetes. APACHE II scores at RNSH ranged from
7-20 with a mean of 12.4 and SD of 3.1. At OLVG, scores
ranged from 8-26 with a mean of 17.5 and SD of 5.6. Severity
assessments were not assessed for MAHI or TJU patients.

Procedural Success

In total, 63 arterial and 9 venous sensors were successfully
deployed (Table 1). The majority of sensors were deployed
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at RNSH in sequential 20 patient cohorts of 24- then 48-hour
durations. During the initial cohort at RNSH, an additional
7 sensors were deployed then removed and/or replaced due
to device deficiencies, use errors or radial artery catheter
failure upon insertion. One patient who did not receive a
sensor after 2 unsuccessful deployment attempts was
replaced with ethics committee consent. Changes to the
study procedure and device design increased the procedural
success rate of the subsequent arterial cohort at RNSH and
other sites to 100%. A total of 14 patients consented
to venous sensor placement, of which 5 (36%) did not
receive a sensor due to inadequate or inaccessible vascula-
ture observed via ultrasound during the sensor insertion
procedure.

Arterial Safety and Reliability

Initially, 3 of 4 sensors deployed in general surgery patients
at TJU did not achieve the intended monitoring duration. The
radial artery catheter failed within 4-8 hours for each patient,
with intravascular thrombus and decreased blood flow
observed via ultrasound. Attempts to restore the pressure
monitoring waveform with bursts of flush solution resulted
in local dilution with lowered sensor glucose and tempera-
ture readings.

In contrast, only 6 of 42 (14%) arterial catheters deployed
in postcardiac surgery patients at RNSH failed (includes 2
catheters that failed prior to sensor insertion). At this site, the
flush solution infused over the sensor was heparinized with 1
unit of unfractionated heparin per mL to help maintain cath-
eter patency. After heparinized flush was introduced at the
TJU site, no further catheter failures were observed in post-
cardiac surgery patients. However, at the OLVG site a hepa-
rinized flush was not used and only 2 of 13 (15%) catheters
failed (1 due to failure to maintain the flush solution).

Overall in this study, 10 of 63 (15.8%) arterial catheters
and GluCath sensors were removed prior to completion of
the intended glucose-monitoring period due to clinically sig-
nificant sampling or waveform difficulty. Ultrasound evi-
dence of intraarterial thrombus was observed in a total of 13
patients (20.6%), of whom 5 were those from whom cathe-
ters were subsequently removed, 5 exhibited nonsignificant
waveform dampening, and 3 exhibited no dampening or
sampling difficulty.

Venous Safety and Reliability

Ultrasound evidence of thrombus was observed in 6 of 9
patients (66%) in whom venous sensors were deployed. Four
of these recorded adverse device effects were not clinically
significant, partial occlusions that did not require treatment.
However, the remaining 2 resulted in total venous occlusion
requiring treatment, and were reported as probable or possi-
ble device-related serious adverse events. One patient expe-
rienced total occlusion of the basilic vein with nonocclusive
thrombus extending to the axillary vein. The second patient

showed no evidence of thrombus during the period in which
the sensor was indwelling, but later developed a systemic
prothombotic condition (unrelated to the GluCath sensor or
study procedure) after sensor removal and full occlusion of
the cephalic vein was observed upon follow-up.

Device deficiencies were observed in the thermocouple of
5 sensors (55%), resulting in erratic temperature and glucose
readings. One sensor also exhibited optical failure. As a
result of these deficiencies, only 200 hours of usable glucose
data were available from the intended 336 hours of monitor-
ing time at the MAHI site (of which sensors were actually
indwelling for 294 hours). Evaluation of the failed devices
resulted in a change to sensor design and securement method.

Performance Data Set

Of 2113 reference blood samples collected, 1799 (85.1%)
were paired with GluCath System readings for performance
analysis. The first reference sample was used to calibrate the
system, requiring 72 samples (3.4%). An additional 80 sam-
ples (3.8%) were excluded per protocol if they were col-
lected for nonstudy reasons, within 60 minutes of the prior
sample, showed evidence of dilution or were out of the sen-
sor measurement range (>240 mg/dL or 13.3 mmol/L glu-
cose, <7.2 or >7.5 pH). Device deficiencies resulted in 162
samples (7.7%) where a GluCath System reading was
unavailable for performance analysis. A table of excluded
points by objective criteria is available in the supplemental
data (available at dst.sagepub.com/supplemental).

Device Accuracy

The aggregate MARD for arterial sensors was 9.6%.
Individual patient MARDs ranged from 3.6% to 33.0%, with
26 patients < 8%, 15 patients 8-12%, 14 patients 12-16%,
and 7 patients > 16%. Performance in the final 48-hour arte-
rial cohort at RNSH was improved, with 15 of 20 patients
exhibiting an MARD < 8% for an aggregate MARD of 6.4%.
This site and cohort represented 49.0% of the total paired
arterial data points collected. The aggregate MARD for
venous sensors was 14.2% with individual patient MARDs
ranging from 7.8% to 26.9%.

Overall, 89.4% (1383/1547) of arterial and 72.2%
(182/252) of venous GluCath System measurements met the
ISO 15197:2003 system accuracy criteria. 72.7% (1124/1547)
of arterial and 56.3% (142/252) of venous measurements met
the tighter POCT 12-A3 criteria. Only 2.1% (33/1547) of
arterial and 14.6% (37/246) of venous reference samples
were < 100 mg/dL. Only 1 reference glucose was < 75 mg/
dL. Within the RNSH 48-hour arterial cohort 97.0%
(735/758) of results met the ISO criteria and 85.5% (648/758)
met the POCT criteria.

The modified Bland—Altman plots (with overlaid ISO
15197:2003 criteria) in Figures 9 to 11 show the glucose dif-
ference between GluCath System and reference analyzer
versus the reference analyzer glucose for arterial and venous
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sensors by cohort. The mean bias ranged from —2.1 mg/dL ~ Table 2. Outlier Analysis.
(=0.1 mmol/L) for the 48-hour arterial cohort to —6.5 mg/dL o
. . Probable cause Number %
(—0.4 mmol/L) for the venous cohort. This small negative
offset appears data-specific, and a small positive bias has Device calibration 90 25.2
been observed in other experiments. No correlation was evi- Optical signal variability 94 26.3
dent between the glucose difference and the reference glu-  Temperature/pH changes 50 14.0
cose level. The limits of agreement (twice the standard  Patient activity 39 10.9
deviation) were lower in the 48-hour arterial cohort relative ~ Physiological effect 22 6.2
to both the 24-hour arterial or venous cohort. This is attribut- Device .malf”"CFw”./ use error 10 28
able to both the greater number of data points and device  Interfering medications J 25
enhancements incorporated in the later cohort. Suspect reference sample I 0.3
No cause attributed 42 1.8

Analysis of Outlier Results

The 164 arterial and 70 venous paired points with >20% dif-
ference between GluCath System and reference analyzer
glucose values were analyzed to determine probable cause of
the difference. Recorded optical and temperature signals,
patient activity, and medication logs were reviewed. The
attributed causes and frequency of occurrence are shown in
Table 2. As multiple causes were determined to contribute to
total error, percentages add to more than 100%.

The majority of outliers were attributed to initial GluCath
System calibration and the stability of optical signals at the
time the user marked the blood sample. Accessing the arte-
rial line affected the sensor’s optical signals and the process
of drawing warm, fresh blood over the sensor followed by
cold saline flush resulted in a signature temperature and

optical signal pattern. Overall optical signal variability was
greater than anticipated, often correlating with routine patient
care activities (eg, bathing, transitions from bed to chair,
physical therapy). No signal stability checks were active in
the device at the time of the study; however, these were
planned for future clinical use. A temperature and pH correc-
tion algorithm was active during the study, but the physio-
logical variability encountered in the patient population was
broader than the original design parameters. In general, sen-
sors responded slowly at peripheral temperatures under 30°C
and exhibited a bias after multidegree temperature or multi-
point pH changes. Physiological causes of outliers included
local thrombus formation with reduced local blood flow and
hypothesized saline accumulation. Acute glucose spikes
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were observed to correlate with bolus infusions of medica-
tions in 5% Dextrose, for cardiac output calculations or after
infusions of 20% Dextrose. Finally, 3 medications were iden-
tified as being present during outlier periods that were capa-
ble of producing a clinically relevant (=10%) interferent
response: mannitol, citrate, and calcium glubionate. Specific
examples of outlier results are discussed in the supplemental
material.

Discussion

Novel medical devices must demonstrate that the probable
benefits from use outweigh the risk of injury. Product devel-
opment studies in the intended use population and environ-
ment provide valuable input on the device’s performance and
extent to which known risks have been mitigated, while
revealing potential new risk factors prior to pivotal studies or
commercial use. Anticipated risks in this study included loss
of arterial catheter function, thrombosis and inaccurate glu-
cose readings that could result in insulin dosing errors had
they been used clinically.

Arterial device point accuracy of 9.6% MARD with
89.4% meeting ISO 15197:2003 and 72.7% meeting POCT
12A-3 criteria was acceptable. A recent critical care consen-
sus documents notes that the CLSI POCT 12A-3 standard for
point-of-care glucometers may not be applicable to CGM
systems and proposes that MARDs should be <14% and that
values >18% represent poor accuracy.'* In this study, perfor-
mance improved over time with modifications to both study
procedures and device. MARDs between first and second
arterial cohorts dropped from 11.9% to 6.4% at RNSH and
from 16.5% to 11.9% at OLVG. No reason was definitively
determined for the difference in performance between sites.
Although the patient population at OLVG contained sicker
patients as measured by APACHE II scores, this did not cor-
relate with system performance. A learning effect was
observed during lead-in studies and thus high sequential
enrollment at the RNSH site (4 batches of 10 patients within
6 weeks each) combined with a small pool of study nurses
(not responsible for clinical care) may have contributed to
the lower MARD:s.

Arterial catheter failure occurred in 15.8% of patients
and ultrasound evidence of thrombus was observed in 20.6%
of patients. A small number of outlier results (1.2% or
22/1799) were attributed to impaired blood flow, intravascu-
lar thrombus and/or saline contamination. Radial artery
occlusion is a common and well-recognized complication of
catheterization. Control data on arterial catheter-related
thrombus were not collected, but may be necessary to assess
the safety of this type of arterial sensor. One report of the
related Paratrend 7 intrarterial blood gas monitoring system
noted a 3.0% incidence (5/166) of waveform dampening
and a 5.4% incidence (9/166) of thrombus."” Another study
including preoperative ultrasound examinations detected
abnormalities of the radial artery in 27.1% of patients

awaiting coronary artery surgery.'® A review article reported
temporary arterial occlusion occurred following 831 of
4,217 radial artery catheterizations, an overall incidence of
19.7% with permanent occlusion occurred in 0.09% of
catheterizations.'’

Venous thrombus formation was observed via ultrasound
in 66% of patients in whom a sensor was deployed, resulting
in device-related thrombosis in 1 patient. Furthermore, 36%
of consented patients were not enrolled due to inadequate or
inaccessible vasculature. While accessing the deep veins of
the upper arm may be routine for peripherally inserted cen-
tral catheters (PICCs), this may not be practical for glucose
sensor deployment. A clinical study evaluating the risks of
deep venous thrombosis associated with PICCs found the
following significant factors: catheter size, length of stay,
prior thrombosis, duration of catheterization, bed rest, sur-
gery, anticoagulant and vasopressor medications.'® In that
study, deep vein thrombosis was observed in 0.6% (2 of
338) of cases that used a 4 Fr PICC device. Thrombosis in
the basilic vein was reported in 10 cases of 1,490 PICC lines
deployed in this vessel (all catheter sizes). It was hypothe-
sized that deploying the small GluCath sensor (0.017” sen-
sor diameter versus 0.053” for a typical 4 Fr PICC) in the
larger basilic vein of the upper arm, with the tip well below
the subclavian arch, would provide adequate venous blood
flow for glucose sensing with minimal risk of thrombosis. In
practice, thrombus formation often appeared to initiate at
the vessel entry wound and propagate along the vessel wall,
following the sensor.

This study was limited by the relatively small number of
patients enrolled at 3 of 4 sites and variations in study proto-
col and procedure among sites. Postcardiac surgery patients
represent a relatively healthy segment of the critical care
population. Device accuracy in the hypoglycemic and severe
hyperglycemia ranges could not be evaluated due to the lack
of reference glucose values below 70 mg/dL (3.9 mmol/L)
and the maximum 240 mg/dL (13.3 mmol/L) range of the
study device. Furthermore, few reference blood samples
were obtained outside the target control ranges of 100-180
mg/dL or 6-10 mmol/L, a limited range relative to outpatient
CGMs. Changes introduced to the device and study proce-
dure over the course of the studies contributed to product
development process, but make aggregate results difficult to
interpret clinically. Strengths of this study include the con-
tinuous surveillance and ultrasound data gathered to monitor
safety and device performance, which made possible an in
depth analysis of outlier results. Future studies should simi-
larly assess the factors contributing to device reliability
across differing patient populations and clinical sites with
differing workflows and clinical care routines.

Conclusions

The GluCath System exhibited acceptable accuracy when
deployed in a radial artery for up to 48 hours in ICU patients
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after elective cardiac surgery. There was no evidence that
the presence of the arterial sensor increased the incidence of
risk beyond that of standard arterial catheterization.
Accuracy of venous deployment was substantially lower
with significant rates of intravascular thrombus observed
using ultrasound.
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