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Abstract

Purpose
E�cacy of near-infrared spectroscopy monitoring of paraspinal collateral network (cnNIRS) has been shown to provide
additional safety in extensive aortic repair. Better understanding of available cnNIRS monitoring systems regarding
differences in performance for this speci�c purpose is required.

Methods
Two systems (FORE-SIGHT®, CAS Medical Systems, USA and INVOS™ 5100C; Medtronic, Ireland) used at 4 paravertebral
levels (mid and lower thoracic, upper and lower lumbar) were compared in an acute large animal model during three
different experimental sequences mimicking relevant clinical scenarios: segmental artery (SA) occlusion by (1) open-access
clip-occlusion (n = 7), (2) endovascular coil-embolization (n = 9) and distal circulatory arrest via (3) aortic cross-clamping (n 
= 9).

Results
Signi�cant differences in oxygenation measurements between devices were observed only at the lower thoracic level during
SA clipping and aortic cross-clamping (p < 0.001). During SA clipping, FORE-SIGHT and INVOS demonstrated reduction to
85% and 72% of baseline values after occlusion of the mid-thoracic region, with mean differences between devices varying
from 12.9 to 20.6% (p > 0.05) throughout the experiment. In the aortic cross-clamp sequence, reduction of values was
observed in both devices, with FORE-SIGHT having less pronounces decrease during cross-clamping compared to INVOS
(mean differences 1.0-14.7%, p > 0.05), and slower response to reperfusion after declamping (72 to 84% within 1 minute in
FORE-SIGHT and 57 to 99% in INVOS).

Conclusion
Both devices provide similar cnNIRS monitoring applicability at mid-thoracic, upper and lower lumbar levels. INVOS seems
to have a more rapid and pronounced response to open SA sequential occlusion and aortic cross-clamping at the lower
thoracic level.

Introduction
Thoracoabdominal aortic (TAA) repair continues to be one of the most technically demanding areas of cardiovascular
surgery, being associated with high mortality and morbidity despite numerous currently available protective adjuncts.
Among possible complications of open and endovascular treatment, the most devastating complication remains paraplegia
– a consequence of several pathological pathways leading to spinal cord injury [1]. A promising non-invasive method for
indirect, real-time spinal cord tissue monitoring is based on the evaluation of paraspinal collateral network tissue
oxygenation (StO2) using near-infrared spectroscopy (cnNIRS). By cnNIRS oxygen tissue saturation of the paraspinal
vasculature is assessed using optical signal emission at wavelengths between 760–2500 nm (near-infrared) and their
speci�c adsorption spectra [2]. Previous experimental studies have shown that oxygenation and perfusion of the paraspinal
collateral network correlates with the spinal cord tissue perfusion [2, 3]. The underlying theory is based on the modern
collateral network concept, which has been developed and experimentally proven by Griepp and Etz [4, 5]. Through this
modern concept it is demonstrated that spinal cord perfusion is provided not only by direct blood �ow from segmental
arteries (SA)—originating from the thoracoabdominal aorta, or from internal thoracic arteries (from subclavian arteries) or
caudally originating hypogastric arteries—but also by vast para- and intraspinal arterial collaterals [4–7]. This network is
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capable of readjusting blood supply to the spinal cord tissue in response to acute or chronic segmental artery occlusion.
The cnNIRS technique has been experimentally proven and clinically implemented as an additional monitoring modality
prior to, during and after open and endovascular TAA repair [2, 8]. For clinical practice cnNIRS has the advantage that it can
be safely and non-invasively placed on the back of the patient [8].

Initial clinical application of cnNIRS in the setting of extensive aortic repair is promising and its utilization is increasing [8,
9]. However, before cnNIRS can become a standard tool for intra- and postoperative monitoring, more clinical experience
and reference data is needed. Furthermore, differences in handling and measurements between commercially available
cnNIRS monitoring equipment have not been investigated. The aim of this study was therefore to experimentally compare
two currently available monitoring systems in a well-established aortic large animal model of ischemic spinal cord injury.

Methods

Ethics statement
All presented acute animal experiments were approved by the Institutional Animal Care and Use Committee in accordance
with the local Veterinary O�ce and the principals stated by the National Society for Medical Research and the guidelines for
the care and use of laboratory animals [10].

Experimental setup
Twenty-�ve juvenile female pigs (German landrace, 31–55 kg) were operated on. Data sets of two animals were invalid and
could not be analyzed due to technical problems, resulting in a total of 25 animals used for analysis. The study design
included three different experimental settings: 1) open, sequential occlusion of segmental arteries (SA, Clipping) simulating
open surgical TAA aortic replacement without SA reimplantation (n = 7); 2) minimally invasive coil- and plug embolization
(MIS2ACE) of SAs, simulating TEVAR or modern priming modality [11] (n = 9) and 3) cross-clamping of the descending
thoracic aorta, simulating acute distal aortic ischemia during open surgery (n = 9). Sample sizes were calculated a priori at a
power of 80%, an alpha error probability of 5% with an effect size (d) of 1.5. All animals were sedated (15 mg/kg ketamine
and 5mg/kg diazepam i.m.) prior to being transferred to the operating room. After placement of a peripheral catheter into a
large ear vein, the animals were intubated endotracheally. Ventilation was set to an oxygen fraction of 0.5. Anesthesia was
maintained by intravenous propofol (1–2 mg/kg) and 0.03-0.05mg/kg fentanyl (P�zer, New York, NY, USA). The animal was
turned on its right side. For evaluation of collateral network regional oxygen saturation cnNIRS optodes of two different
monitoring systems (FORE-SIGHT Elite®, CAS Medical Systems, Inc., Branford, Connecticut, USA and INVOS™ Oximeter
5100C; Medtronic, Dublin, Ireland) were placed paravertebrally at four levels (mid and lower thoracic; upper and lower
lumbar levels) in an alternating sequence (Fig. 1). The cnNIRS measurements were recorded manually as well as digitally
and the stored data exported afterwards from both monitoring devices. The optode sequence (placement sides) was
switched for each experiment in order to avoid potential measurement bias associated with surgical access and ride sided
positioning. Haemodynamic and clinical monitoring was performed, including continuous invasive blood pressure
monitoring through arterial catheters (right carotid artery and a femoral artery), pulse oximetry, 5-lead electrocardiogram
and rectal temperature monitoring. A 7F, 20-cm multilumen central venous catheter was placed via the left jugular vein for
additional infusions and blood sampling.

After the procedure, the animals were euthanatized. In order to validate correct and complete SA occlusion, the aorta was
harvested and examined.

Surgical approach and experimental sequence

Open occlusion Group (Clipping; n = 7)
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In the open SA occlusion group three surgical incisions were performed: 1) upper left lateral thoracotomy at the 5th
intercostal space, where the heart, descending thoracic aorta and SAs T4-T6 were visualized; 2) lower left lateral
thoracotomy at the 8th intercostal space and 3) left lateral retroperitoneal access for exposure of the thoracic and
abdominal aorta as well as SAs T7-L5. All SAs were mobilized (starting from T4) and sequentially occluded by clip
placement (WECK® Horizon™ Metal Ligation System, Tele�ex, Morrisville, NC, USA) (Fig. 2). The cnNIRS measurements
were manually recorded every 10 minutes before and after SA clipping and every minute during the clipping process as well
as continuously stored at 5 seconds intervals in the cnNIRS monitor.

Coil-Embolization Group (Coiling; n = 9)
Left lateral thoracotomy at the 5th intercostal space was performed. A 7F sheet was introduced via femoral artery using the
Seldinger technique. After heparinization (5000 IU), a 5.2F IM catheter was placed in order to identify the thoracoabdominal
SAs (from T4 to L5, 15 pairs) by selective angiography. The visualized SAs underwent coil insertion using 60 mm and 70
mm platinum endovascular coils (Tru�ll Pushable Coils, Cordis, Waterloo, Belgium). Success of SA embolization was
veri�ed by contrast injection after each coil implantation and at the end of the procedure. Two to three coils were usually
required for complete embolization of a proximal SA and 3–4 coils for larger, distal SA portions (Fig. 2). The cnNIRS
measurements were recorded prior to and after coil-embolization analogous to the open SA occlusion group.

Aortic Cross-Clamp Group (n = 9)
After left lateral thoracotomy at the 5th intercostal space, the descending thoracic aorta was mobilized proximal to SA T4
(Fig. 2). In order to ensure correct positioning of the aortic clamp, a loop was placed around the aorta. The cross-clamp was
then applied for a period of 10 minutes (clamp on) followed by 10 minutes of reperfusion (clamp off). The cnNIRS
measurements were recorded manually every 10 minutes before aortic cross-clamping and every minute during the “clamp
on” and” clamp off" periods as well as continuously via the internal system storage at a �ve seconds interval. Additionally,
several static and dynamic parameters of cnNIRS were evaluated in this group, since aortic occlusion (as expected for any
vascular occlusion test) was associated with the most rapid decrease and increase of cnNIRS values. Changes were
expressed as percent changes from baseline:

“Baseline to 2 min occlusion” Desaturation – difference between baseline and 2 minutes after aortic cross-clamping

“Baseline to 10 min occlusion” Desaturation – difference between baseline and 10 minutes after aortic cross-clamping
(at the end of the occlusion period)

Desaturation slope, 1st min – desaturation rate from baseline to the �rst minute after cross clamping

Resaturation slope, 1st min – resaturation rate from the 10th minute of occlusion to the �rst minute of reperfusion

Minimum – the lowest cnNIRS value during the occlusion period

Maximum – the highest cnNIRS value during the reperfusion period

Statistical analysis
Measurements were analyzed using GraphPad Prism Version 9.00 for Macintosh (GraphPad Software, La Jolla California,
USA). Distribution of continuous variables was evaluated using Q-Q plots and the Kolmogorov-Smirnov test. Continuous
variables are expressed as mean ± standard deviation. Normally distributed continuous variables with unequal variance
were compared using the Welch’s t-test, while not normally distributed data was analyzed by means of the Mann-Whitney U-
test. Paired dependent continuous variables were compared using the paired t-test or Wilcoxon matched-groups signed-rank
test, depending on the distribution of differences. Within- and between-group changes of cnNIRS values were analyzed
using mixed-design split-plot ANOVA. The Greenhouse–Geisser method was used to correct the violation of the sphericity
assumption. When required, correction for multiple comparison was performed using the Bonferroni and Šidák methods.
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Bland-Altman plots were used for device agreement evaluation. Statistical signi�cance was assumed at a p-value ≤ 0.05
for 2-tailed testing, unless otherwise speci�ed.

Results

Within-system cnNIRS changes during the procedures
Both devices demonstrated signi�cant changes in oxygenation consequential to open SA clipping, coil-embolization and
aortic cross-clamping for measurements at upper and lower lumbar levels (within-system ANOVA p < 0.05 in all of the
cases), and most of the measurements at lower thoracic level (Fig. 3). At this level, no statistically signi�cant changes
within each of the systems were observed in FORE-SIGHT performance during SA coiling (baseline to end-ischemia mean
difference 6.4%).

In the clipping group, baseline to end-ischemia mean differences varied from 36.6 to 38.3 in INVOS, and from 16.0 to 39.43
in FORE-SIGHT. In the coiling experiments, these values were 17.9–34.3 for INVOS, and 6.4–30.3 for FORE-SIGHT. Aortic
cross-clamping was associated with a signi�cant decrease in values in both systems (baseline to end-ischemia mean
differences ranging from 38.7 to 43.3 in INVOS, and from 28.1 to 41.7 in FORE-SIGHT).

Device comparison
The comparison of baseline measurements (absolute values) between both devices (n = 25) was signi�cantly different at
mid thoracic (p = 0.004), upper lumbar (p < 0.001) and lower lumbar levels (p = 0.012). An overview of absolute values in all
the three experimental groups is presented in Supplementary Tables 1–3.

Segmental artery sequential occlusion (Clipping and Coiling Groups)
Comparison of cnNIRS values during sequential open clipping of SAs demonstrated a statistically signi�cant difference
only at the lower thoracic level (F (7, 84) = 4.565, p < 0.001) (Fig. 3). INVOS and FORE-SIGHT showed a decrease in cnNIRS
values to 72% and 85% from baseline after mid-thoracic SA occlusion, respectively (mean difference 27.7, p = 0.010 in
INVOS and 14.9, p = 0.018 in FORE-SIGHT). Multiple mean comparisons between the devices, however, did not reach
statistical signi�cance. FORE-SIGHT oxygenation values never crossed the 70% from baseline threshold (84% for FORE-
SIGHT vs. 63% for INVOS 60 minutes after completed SA occlusion) (Fig. 3).

In the SA coil-embolization group no statistically signi�cant difference between the two monitoring devices was observed at
any measurement level (Fig. 3). Since SA occlusion using coil-embolization technique is more time-consuming compared to
SA clipping (Supplementary Table 4), an additional comparison of these two occlusion strategies within each device was
performed. A signi�cant difference was found in measurements of INVOS at lower thoracic level (Clipping vs. Coiling, p = 
0.002). After T4 – T7 SA occlusion, cnNIRS values decreased to 72% from baseline in the Clipping, and only to 97% in the
Coiling groups (mean difference 24.3, p = 0.020). This discrepancy was observed also during following time-points (60
minutes after total SA occlusion: 63% in the Clipping and 82% in the Coiling groups). The patterns of cnNIRS values'
changes were quite similar at the lower, and both lumbar levels in both devices: clipping values were lower than those
during SA coiling (Supplementary Fig. 1).

Aortic Cross-Clamp Group
In the Aortic Cross-Clamp experiments, a statistically signi�cant difference in between the devices was seen, again, at lower
thoracic level (F (12, 192) = 3.253, p < 0.001), however without any statistically signi�cant differences between the devices
in multiple mean comparisons observed (Fig. 4). At this level, INVOS seemed to have a stronger response to ischemia (with
decrease of oxygenation values after 2 minutes to 64% compared to 72 % by FORE-SIGHT). INVOS also had a faster
response to reperfusion with return to baseline immediately after clamp off (mean difference − 41.4, p < 0.001), compared to
the increase to 84% during the same time period in FORE-SIGHT (mean difference − 11.7, p = 0.22). No difference between
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devices was detected at other levels. The comparison of dynamic changes of cnNIRS (Table 1) did not reveal any
statistically signi�cant differences between the devices. Bland-Altman plots showed agreement between the device-systems
in Desaturation slopes at both lumbar levels, however with wide Levels of Agreement (mean bias at upper lumbar level 2.6
with Levels of Agreement from − 14.3 to 19.6; mean bias at lower level − 0.54 with Levels of Agreement from − 29.3 to 28.2).
Similar results were observed at lumbar levels for minimal cnNIRS values (mean bias at upper lumbar level 1.5 with Levels
of Agreement from − 30.5 to 33.5; mean bias at lower lumbar level 2.4 with Levels of Agreement from − 31.5 to 36.3). Bland-
Altman plots for agreement of the two devices in Desaturation and Resaturation slopes, Minimum, Maximum cnNIRS
values are presented in Supplementary Figs. 2 and 3.

Table 1
Performance parameters of two devices during aortic Cross-Clamp experiments.

  Mid thoracic level Lower thoracic level Upper lumbar level Lower lumbar
level

  FORE-
SIGHT

INVOS FORE-
SIGHT

INVOS FORE-
SIGHT

INVOS FORE-
SIGHT

INVOS

Baseline

(absolute
values)

56.6 ± 6.0 50.6 ± 6.4 57.9 ± 5.6 55.8 ± 7.1 64.4 ± 7.9 60.9 ± 6.5 62.8 ± 
10.8

60.9 ± 
8.4

p = 0.0595 p = 0.3281 p = 0.0634 p = 0.6353

“Baseline to

2
min occlusion”
Desaturation
(%)

10.3 ± 
18.7

18.7 ± 15.6 28.4 ± 6.9 36.1 ± 10.1 39.3 ± 12.2 38.4 ± 8.1 40.7 ± 
8.7

37.3 ± 
12.9

p = 0.0279 p = 0.0992 p = 0.8631 p = 0.5433

“Baseline to

10
min occlusion”

Desaturation
(%)

7.1 ± 16.0 18.9 ± 16.1 28.2 ± 6.4 42.8 ± 12.4 41.5 ± 13.2 43.3 ± 11.3 39.9 ± 
12.2

38.6 ± 
12.5

p = 0.0354 p = 0.0058 * p = 0.6707 p = 0.8205

Desaturation
slope, 1st min
(%/min)

7.5 ± 13.8 15.7 ± 15.1 25.2 ± 5.4 32.9 ± 9.5 32.7 ± 7.9 35.3 ± 8.3 36.9 ± 
9.5

36.3 ± 
14.8

p = 0.0428 p = 0.0248 p = 0.3888 p = 0.9147

Minimum

(%)

84.8 ± 
17.9

76.2 ± 17.3 67.7 ± 7.7 56.4 ± 12.5 53.9 ± 13.2 55.4 ± 10.3 54.1 ± 
12.1

56.5 ± 
11.6

p = 0.0341 p = 0.0577 p = 0.7883 p = 0.6523

Resaturation
slope, 1st min

(%/min)

3.7 ± 14.1 14.1 ± 25.6 10.9 ± 
19.9

40.5 ± 21.7 32.3 ± 17.0 39.3 ± 19.5 26.2 ± 
13.9

37.8 ± 
22.0

p = 0.0901 p = 0.0023 * p = 0.1085 p = 0.0742

Maximum

(%)

107.1 ± 
11.9

110.1 ± 1
9.1

100.0 ± 
14.0

106.0 ± 
17.8

98.8 ± 14.2 105.0 ± 9.9 94.6 ± 
12.9

105.5 
± 19.9

p = 0.5979 p = 0.1260 p = 0.0174 p = 0.0742

Values are expressed as mean ± standard deviation (in absolute values or % of baseline).

Paired t-test or Wilcoxon matched-pairs signed-rank test were used in order to compare the devices. *– statistically
signi�cant difference after Bonferroni correction for multiple comparisons (statistical signi�cance set at p-value < 
0.0071).
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Discussion
Nervous tissue is known to be extremely susceptible to ischemic injury and therefore requires a scrutinous continuous
monitoring in a variety of clinical settings. This is especially important for high-risk situations such as the surgical
treatment of aortic pathologies in general, but in particular during and after extensive thoracoabdominal aortic repair.
Regardless of advanced techniques and rapidly improving perioperative standards, the rate of spinal cord injury remains
unacceptably high. Numerous intra- and perioperative adjuncts and novel strategies have been suggested in order to
decrease the risk of paraplegia, occurring both after open and endovascular interventions. However, even the best aortic
centers have not completely eradicated this dramatic complication. Thus, an accurate and reliable intra- and postoperative
monitoring method is needed in order to improve postoperative outcomes.

Near-infrared spectroscopy is a promising non-invasive monitoring modality, that has been successfully implemented in a
number of clinical situations, including evaluation of cerebral perfusion during aortic arch surgery [12–14]. Based on the
collateral network concept developed in the last decade, cnNIRS has been introduced and increasingly recognized as a non-
invasive quick-response method for evaluation of paraspinal tissue oxygen saturation. Despite of currently lacking data
regarding cost-effectiveness of cnNIRS use in thoracoabdominal repair, both the reduction in quality of life due to
paraplegia and costs of treatment and rehabilitation after this complication are extreme. Also, in comparison to other
clinically available monitoring methods, such as somatosensory evoked or motor evoked potentials, cnNIRS does not
require a neurophysiologist for its analysis. Moreover, the preparation of the cnNIRS setup lasts no longer than several
minutes, the height of placement of the optodes can be standardized and, most importantly, the monitoring can be
performed also in postoperative period. Neither does cnNIRS require any speci�c anesthetic management in order to avoid
interactions with neuroblocking agents.

To date few different NIRS devices are available for clinical use. Before cnNIRS can emerge as a widely used monitoring
method for procedures involving the thoracoabdominal aorta, it is crucial to recognize differences and similarities between
these devices in measuring regional oxygenation during aortic procedures.

The aim of this series was to compare performance of two currently available NIRS systems in three different experimental
settings mimicking three clinical situations. The group of open SA clipping aimed to simulate an extensive, permanent loss
of direct blood �ow to the spinal cord. Using cnNIRS in this clinical setting could provide guidance in decision to sacri�ce or
reimplant certain SAs. The second group reproducing endovascular coil-embolization of the SAs, was mimicking the clinical
setting of TEVAR (decision on extent of coverage) or MIS2ACE priming technique (estimating the number of SAs to be
coiled). The aortic cross-clamping experiments recreating an acute insult during surgery, would provide clinicians with
guidance regarding safe ischemia duration and, if required, adjustment of temperature and/or distal perfusion settings
during open surgical repair.

Both of the devices, like most of the NIRS systems available on the market, use wavelengths between 670 and 880 nm. This
ensures, that the absorption spectra of deoxygenated and oxygenated hemoglobin can be analyzed correctly and separately
from the water absorption spectrum (970 nm) [15]. The INVOS 5100C device generates light signals at two wavelengths
(730 and 810 nm), while FORE-SIGHT Elite features �ve wavelengths (680, 730, 770, 805, and 870 nm) [16]. Another
important variation is the distance between light source and light detectors (one – located near the LED source and the
other one – located far from it) [17]. This distance determines the depth of photon penetration: the greater it is, the less is
the bias caused by super�cial tissues [16]. In INVOS 5100C the two photodiode detectors of adult sensors are located in 30
mm and 40 mm distance from the emitter and in FORE-SIGHT Elite – in 15 mm and 50 mm [18–19]. Theoretically, both
increased number of wavelengths used and greater difference in emitter-detector distances should provide FORE-SIGHT
with better control for bias and more precise performance. This could explain the fact that FORE-SIGHT showed in the most
of the experimental measurements higher values with overall less variation. The only exception was the lower lumbar level
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during aortic cross-clamping – the level of de�nitive spinal cord ischemia. Here the oxygenation values depicted by FORE-
SIGHT were lower than those of INVOS.

One should also consider different shapes of light emitters and, theoretically, sensitivity of the light detectors. The last, but
not the least factor seriously affecting the measurements, are the algorithms used to derive the oxygen saturation values.
These are based on various assumptions used for calculation, different calibration techniques and corrections for
anatomical regions where measurements are performed [20–22]. Unfortunately, these algorithms are company classi�ed,
leaving the question about interchangeability of devices unanswered.

Numerous attempts have been made during the last decades to evaluate the factors in�uencing NIRS measurements and
the variability between devices. However, most of the currently available publications are focused on cerebral oxygenation
monitoring, a highly speci�c anatomical area where great variations in ratio of arterial to venous blood and the well-known
extracranial interference problem exist [22–24]. Fewer authors evaluated differences between monitoring systems on
peripheral tissue during vascular occlusion tests [17, 18, 20]. Nevertheless, comparison of results of each new study with
those provided in the literature is limited due to dissimilarity of experimental settings (animal experiments, tests on patients,
adult or pediatric, healthy or during surgical treatment), devices (and subsequent device generations) used and anatomical
areas of measurement (brain, upper extremity, lower extremity, back muscles). In the present study, we aimed to compare
the performance of two currently available NIRS devices in three experimental settings, simulating possible clinical
situations in patients undergoing treatment for thoracic or thoracoabdominal aortic pathologies.

According to our observations, the baseline measurements in all animals demonstrated that FORE-SIGHT tends to have
higher cnNIRS values compared to INVOS. However, most of the previous publications, except Hyttel-Sorensen et al., who
compared INVOS with the �rst generation of FORE-SIGHT, did not �nd any difference between INVOS and FORE-SIGHT
baseline measurements of peripheral tissue oxygenation [20, 25]. Nevertheless, none of the previous publications compared
the performance of these or any other NIRS devices on the back muscles. Considering the different depth of penetration and
variations in bias, one could assume that the two devices may be analyzing different portions (layers) of the paraspinous
collateral network.

During the Clipping and Coiling experiments, the devices re�ected the collateral network oxygenation changes almost
equally: INVOS had a more pronounced response only to SA clipping at the lower thoracic level. Interestingly, since SA
occlusion using the coil-embolization technique was more time-consuming compared to the open SA occlusion method, it
was also associated with a less pronounced decrease of cnNIRS values in both devices (yet statistically signi�cant only in
INVOS at the lower thoracic level), meaning that both devices can be interchangeably used when the spinal cord perfusion
is decreasing slowly and gradually (for example, during SA coil-embolization).

In the Aortic Cross-Clamp group the devices differed signi�cantly in cnNIRS changes at the lower thoracic level, moreover
INVOS had lower oxygenation rates during desaturation. This trend has been previously observed by our colleagues: it has
been shown that INVOS has a faster and more pronounced reaction to blood �ow changes: it has higher desaturation and
resaturation rates and lower minimal values compared to FORE-SIGHT [20]. This observation has also been con�rmed in
cerebral oximetry measurements [23, 24], furthermore INVOS was associated with a more rapid reaction to StO2 changes
compared to other NIRS devices (other than FORE-SIGHT) [26, 27]. In experiments with stable isocapnic hypoxia in healthy
volunteers, Bickler et al. compared performance of several devices (including INVOS 5100C and FORE-SIGHT) with a
reference regional tissue oxygenation calculated based on jugular bulb and arterial blood: FORE-SIGHT demonstrated a
better accuracy compared to INVOS (accuracy root mean square 4.26% versus 9.69% respectively) [22]. In a prospective
study on patients undergoing cardiac surgery, Kobayashi et al. compared preoperative regional cerebral oxygenation values
between FORE-SIGHT Elite and INVOS 5100C and found out that inter-patient variations, caused by differences in
hemoglobin concentration, left ventricular ejection fraction or sculp-cortex distance, were greater in INVOS compared to
FORE-SIGHT [28]. In our series, the Aortic Cross-Clamping group was also evaluated using slightly modi�ed principles of
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vascular occlusion tests [17]. The desaturation and resaturation slopes were analyzed only for the �rst minute since only
then the cnNIRS changes were rapid and linear. The inter-device variations in these parameters seemed to be more
prominent at thoracic levels (reaching statistical signi�cance in Resaturation slope and “Baseline to 10 min” Desaturation),
whereas at both lumbar levels the parameters were similar. Additionally, the agreement between devices in dynamic
parameters was evaluated using Bland-Altman plots. The Bland-Altman plots comparing desaturation parameters also
showed a better agreement in devices at lumbar levels compared to thoracic measurements, however with quite wide Levels
of Agreement, suggesting that although both devices are effective in re�ecting decrease of perfusion in the collateral
network, the interpretation of their performance (for example, critical cnNIRS ischemia levels) in clinical practice should be
carried out separately.

It is important to mention, that all of the observed statistically signi�cant differences in performance of devices (cnNIRS
changes during the experiments and dynamic parameters during aortic cross-clamping) were observed at lower thoracic
level. The possible explanation for this phenomenon could be the greater inter-subject variations in perfusion of collateral
network in this area (due to variations in arterial pressure, different collateralization etc.), compared to mid-thoracic
(satisfactory perfusion due to upper body collaterals) and both lumbar (notably decreased perfusion) levels. This perfusion
variations, together with the differences in technical characteristics (depth of penetration) and algorithms, could lead to
signi�cant discrepancies in cnNIRS measurements at this level.

Limitations

Since the results are based on an experimental large animal model, one should consider the anatomical (vascular anatomy,
skin thickness, etc.) and physiological (hemodynamics) differences between the two species (swine versus human) [2, 3].
 Further experiments are required to evaluate the correlation of cnNIRS (and each of cnNIRS devices) with other currently
available monitoring techniques (e.g., somatosensory and motor evoked potentials).  

Conclusions
Both INVOS 5100C and FORE-SIGHT Elite provide adequate cnNIRS monitoring with similar performance at mid-thoracic,
upper and lower lumbar levels. The sequential SA occlusion methods (clipping or coil-embolization) and aortic cross-
clamping may be well re�ected by both NIRS devices. INVOS, however, seems to have a more rapid and stronger response
at the lower thoracic level. Moreover, during aortic cross-clamping, acceptable clinical agreement during ischemia in
performance between devices was observed only at lumbar levels. These �ndings yield important inter-device variations
that should be acknowledged in clinical practice, for example setting the ischemic threshold (critical reduction point) for
each of the devices separately.
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Figure 1

Experimental setting. A – lateral view of the animal with surgical incision performed in groups: upper left thoracotomy in all
groups, lower left thoracotomy and left retroperitoneal access in the SA Clipping group. B – dorsal view of the animal with
location of NIRS optodes placed at four levels. INVS - INVOS; FST – FORE-SIGHT.
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Figure 2

Illustration of experimental concept in SA Clipping group, SA Coiling group and Aortic Cross-Clamp group. SA – segmental
arteries.
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Figure 3

Comparison of paraspinal muscle oxygenation measurements (percent of baseline) performed by two devices in the SA
Clipping and the SA Coiling. CN – collateral network. Brackets show statistically signi�cant within-device changes during
the experiment (blue in FORE-SIGHT and green in INVOS).      
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Figure 4

Comparison of paraspinal muscle oxygenation measurements (percent of baseline) performed by two devices in the Aortic
Cross-Clamp groups. CN – collateral network. X-clamp – cnNIRS immediately after aortic cross-clamping. Brackets show
statistically signi�cant within-device changes during the experiment (blue in FORE-SIGHT and green in INVOS).  
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