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ABSTRACT

INTRODUCTION:
The aim of this study is to evaluate the effect of acute, iatrogenic right arm ischemia and reperfusion on microcirculation using tissue perfusion markers like central venous oxygen saturation, lactate, the difference between central venous and arterial CO2 pressure, Near-infrared spectroscopy, and biomarkers like sialic acid, malondialdehyde, advanced oxidative protein products in aortic surgery with moderate hypothermia.
METHODS:
Adult patients undergoing ascending aorta repair with antegrade cerebral perfusion via axillary artery participated in the study. Blood samples were collected from the radial artery, internal juguler vein, right arm cubital vein and left arm cubital vein and analysis were performed at five intraoperative time points. Blood samples for biomarkers were obtained at three intraoperative time points. 
RESULTS:
Right arm venous oxygen saturation are significantly lower than left arm and central venous. Right arm lactate levels are significantly higher than left arm and central venous lactate levels. Somatic right arm near-infrared spectroscopy values are significantly lower than somatic left arm. There are no significant differences for biomarkers throughout the time points. 
CONCLUSIONS:
We have concluded that well-known markers such as central venous oxygen saturation and lactate reflect the results of ischemia-reperfusion faster, and are more valuable than novel biomarkers. Near-infrared spectroscopy is a promising monitor in terms of providing information about tissue oxygenation. However, oxidative stress biomarkers seem to be far from following the results of ischemia-reperfusion damage in an instant or short time, moreover, their costs are high and laboratory studies take time.
KEYWORDS: ischemia reperfusion injury, central venous oxygen saturation, lactate, central venous and arterial CO2 pressure gap, NIRS
INTRODUCTION
As a result of acute limb ischemia, with the reduction of perfusion and oxygenation of muscle tissue, some changes occur at the clinical and cellular level. These changes have been investigated in invivo and invitro animal models as the Ischemia-Reperfusion (I/R) phenomenon.1-3 Although these experimental studies have provided valuable knowledge on the I/R phenomenon, few studies have emphasized regional alterations after hypothermic arm ischemia in humans.4 
Selective antegrade cerebral perfusion (ACP) with right axillary artery cannulation strategies have broad acceptance in the provision of neuroprotection in aortic surgeries, although surgical advantages and disadvantages are still being discussed. Due to axillary artery cannulation and cardiopulmonary bypass (CPB), ischemic episodes lead to the production of I/R mediators further leading to a disruption of cellular integrity.5 The most well known I/R markers are central venous oxygen saturation (ScvO2), plasma lactate levels, and the difference between central venous and arterial CO2 pressure (cv-a-pCO2-gap). Besides these markers, near-infrared spectroscopy (NIRS) gives noninvasive information on tissue perfusion. Sialic acid (SA) is a glycocalyx fragment which is shown through the effect of oxidative mediators, its plasma levels increase after surgery.6 Malondialdehyde (MDA) is one of the final products of polyunsaturated fatty acid preoxidation in the cells. It has been shown that plasma MDA levels increase as a biomarker of global oxidative stress.7 In the ischemic-oxidative process, another mediator called advanced oxidative protein products (AOPPs) increases as an inflammatory mediator.8  

Hypothermia reduces the extent of leukocyte infiltration into tissues after reperfusion, and this is associated with a diminished output of reactive oxygen species.9
The aim of this study is to evaluate the effect of acute, iatrogenic right arm ischemia and reperfusion due to right axillary cannulation on regional oxidative stress using tissue perfusion markers, NIRS, and biomarkers in aortic surgery with moderate hypothermia.
METHODS
Study population
This prospective, observational study included 40 consecutive adult patients undergoing elective ascending aorta and hemiarch repair with ACP via axillary artery between November 2018 and September 2019 at a tertiary cardiac surgery center. Patients undergoing emergency or re-do surgery, those with a history of ejection fraction under 40%, history of pulmonary, renal or hepatic failure, cerebrovascular disease, haemotologic disorder, under 18 years old or patients using alcohol, or any medication supressing free radicals as corticosteroids, vitamin C, n-acetylcysteine were not included the study. This study complies with the Declaration of Helsinki and ethical approval was granted by the local instutional ethical board (E-18-1784, 11 April 2018). In addition, informed consent was obtained from all the patients. 

Anesthesia and CPB management
Pulse oximetry, five channel electrocardiography, and invasive blood pressure monitoring were provided. NIRS optodes (The INVOSTM) were placed on the bilateral forehead and bilateral forearm regions. Anesthesia was induced with midazolam, fentanyl, rocuronium, and maintenance was achieved by sevoflurane and remifentanil. Venous vascular cannulation was performed on the bilateral cubital veins for blood sampling and these cannules were not used for any kind of infusion. Following adequate activated clotting time (>480 sec), right axillary artery direct cannulation and right atrial two-stage venous cannulation were performed and CPB was initiated.  CPB was performed in moderate hypothermia (28°C). Hemoglobin concentrations were kept above 7.5 g/dl during operation and above 8.5 g/dl in ICU. 

Data collection
Although jugular venous (ScvO2) and mixed venous oxygen saturation differs slightly due to the oxygen content of the blood coming from the lower and upper half of the body, it is acceptable to use ScvO2 instead of mixed venous oxygen saturation.10 Blood samples were collected from the radial artery, internal juguler vein, right arm cubital vein and left arm cubital vein. Blood gas analysis of these four regions were performed at five time points: after the induction of anesthesia as baseline values (T1), at the 5th minute of CPB (T2), at the 10th minute of ACP (T3), 20 minutes after declamping of aorta (T4), and while the sternum was closing (T5). At these five time points, hemodynamic parametres, ScvO2, lactate level, cv-a-pCO2-gap, and NIRS values were recorded. Blood samples for SA, MDA and AOPPs were obtained at three time points: immediately after induction of anesthesia, at the 10th minute of ACP and while the sternum was closing. Blood samples for biomarkers were collected via tubes without anticoagulant and centrifuged at 5000 rpm for five minutes. The seperated plasma components were stored at -20 °C until analysis. SA concentrations were determined using Sydow’s method.11 AOPPs were determined using the modified method of Hanasand et al.12 MDA concentrations were measured using the standard biochemical method developed by Yagi.13
Statistical analysis
All statistical analyses were performed using the SPSS version 15.0 for Windows statistical software program. Normally distributed continuous variables were expressed as mean ± standard deviation (SD) or median values with the interquartile range if not normally distributed while categorical variables were expressed as numbers and percentages. The variables at each time periods were compared using an independent samples t-test or the Mann-Whitney U test for continuous variables. The differences were based on the right arm versus left arm, central venous versus right or left arm. Two group comparisons were provided as the variables were independent. The variables over time were compared using the Wilcoxon signed-ranks test. Furthermore, a general linear model was used to determine the course of variables over time in the different regions of blood samples. A p value of <0.05 was considered to be statistically significant.
RESULTS
The perioperative features for 40 patients who underwent elective ascending aorta and hemiarch repair with ACP via axillary artery are presented in Table 1. The macrohemodynamic variables are given in Table 2. Oxygen saturations and lactate measurements are given in Table 3. Figure 1 shows the changes in venous oxygen saturations (SvO2). Right arm SvO2 are significantly lower than left arm SvO2 at T2, T3 and T4 time points (p<0.001), and also lower than ScvO2 at T1, T2, T3, T4 time points (p<0.001, p=0.002, p<0.001, p<0.001, respectively). Figure 2 shows the changes in lactate levels throughout the five time points. Right arm lactate levels are significantly higher than left arm levels at T2, T3, T4 and T5 time points (p=0.003, p<0.001, p<0.001, p=0.013, respectively) and also higher than central venous lactate levels at T1, T2, T3, T4 and T5 time points (p=0.002, p=0.008, p<0.001, p=0.005, p=0.005, respectively). Cerebral right-left, and somatic right-left arm NIRS values are given in Table 3. Figure 3 shows the changes in cerebral and somatic NIRS values throughout the time points. Somatic right arm NIRS values are significantly lower than somatic left arm NIRS values at T2, T3, T4 and T5 time points (p<0.001 for T2, T3, T4 and p=0.002 for T5).

Figure 4 shows the changes of SA levels in central venous and right and left arm venous blood samples at three time points (T1, T3 and T5). There are no significant differences between central venous or right or left arm venous blood samples throughout the time points. 

Figure 5 shows the changes of MDA levels in central venous and right and left arm venous blood samples at three time points (T1, T3 and T5). There are no significant differences between central venous or right or left arm venous blood samples throughout the time points. 

Figure 6 shows the changes of AOPP levels in central venous and right and left arm venous blood samples at three time points (T1, T3 and T5). There are no significant differences between central venous or right or left arm venous blood samples throughout the time points. 
DISCUSSION

We evaluate the effect of acute, iatrogenic right arm I/R due to right axillary cannulation on regional oxidative stress in humans using tissue perfusion markers, NIRS and oxidative stress biomarkers in aortic surgery with moderate hypothermia. In this study, in aortic surgery, the left arm of each individual was used as a control and the iatrogenic I/R phenomenon was modeled in humans by performing right axillary cannulation. Thus, the effects of variables such as CPB, anesthetics, and macrocirculation parameters are kept exactly the same. To our knowledge, this was the first study to show the effect of right arm ischemia due to right axillary cannulation on macro- and regional circulation and I/R injury in aortic surgery.

- We determined that SvO2 in the right arm was significantly lower than that in the left arm as well as ScvO2 during CPB, while at the end of the operation it returned to the normal levels.

-Lactate in the right arm were significantly higher than left arm and central levels during CPB and also at the end of the operation. 

- cv-a-pCO2-gap parameter did not change significantly during the operation.

-While right-left cerebral NIRS values were similar, right arm NIRS values were significantly lower than the left arm during CPB and at the end of the operation. 
-SA, MDA and AOPP values were not significantly different between central venous, right or left arm.

To maintain cellular integrity and organ function, appropriate arterial pressure, heart rate, oxygen saturation, and flow should be delivered. Besides adequacy of macrocirculation, local oxygen supply and sufficient microcirculation are necessary to maintain optimal cell function. When a limb has acute arterial occlusion, a sudden oxygen deficiency, residual metabolite production, reactive oxygen species (ROS) production, and inflammatory reactions develop in tissues. In venous blood of a ischemic region, pH is constantly reduced, and about 2 hours later the intracellular pH and venous blood pH values are equalized.14 Non-ischemic organs such as kidney and lung appear primarily unaffected, but participate in the inflammation process, so these uncontrolled post-ischemic reactions can even cause multi-organ failure and death.15-16 Considering that the average duration of CPB is 170 minutes in our study, arm ischemia time can be considered to be 170 minutes, which is above the 2-hour limit, specified as the time limit within which intracellular acidosis is balanced with local venous blood. Although axillary cannulation is a controlled method of extremity ischemia, the effect of which is limited by hypothermia, prolong right arm arterial ischemia due to long CPB duration may cause severe ROS and inflammatory marker accumulation into the systemic circulation following the reperfusion phase.


ScvO2 is a parameter that reflects the balance between arterial O2 supply and consumption. The key determinants of the oxygen delivery are CO, Hb and SaO2. The problem with one of them mainly results in an increase in the oxygen extraction rate, the first clinical reflection of which is the decrease in ScvO2. Since ScvO2 reflects the venous blood pool from all organs, the major end-organ may not accurately reflect venous desaturation and acidemia.17 Peripheral SvO2 and lactate values are said to be a less invasive alternative that shows tissue oxygenation compared to measurements from the central venous catheter.18 Baseline ScvO2 measurements mean 72.8%, and peripheral SvO2 (right mean 88.3%, left 85.5%) were normal in our study. Oxygen saturation increases towards the periphery of the arteries, so cubital venous values are higher than the central, and could have been even higher if samples were taken from the dorsal hand veins. In the following periods, it was observed that right arm SvO2 decreased dramatically (47%, 39%, 41%) but nearly returned to normal after normothermia and reperfusion. At the end of the operation, both central and peripheral SvO2 were observed to be lower in our patients compared to the baseline as in similar studies in cardiac surgery.18 The decrease in blood supply caused by right arm ischemia was probably accompanied by the reduction of oxygen consumption of hypothermia. As such, although the delivery-consumption balance was impaired during the ischemia period, right arm SvO2 quickly increased with reperfusion.


Generally, hyperlactatemia observed during critical illness is based on tissue hypoxia. However, it may occurs in cardiac surgery patients without tissue hypoxia,19-20 and develops with impaired tissue oxygenation caused by CPB, increased circulating epinephrine, and inflammatory proteins. In such cases, the relative contributions of hypoxic and non-hypoxic causes of hyperlactatemia have not been fully elucidated. In our study, lactate levels increased with the onset of CPB and decreased slightly with reperfusion at the end of the operation. The critical lactate level for cardiac surgery was evaluated as >3 mmol/L and long CBP duration, decreased oxygen delivery, inotropic drug use, and patient comorbidities were identified as risk factors.21-22 It is likely that the increased lactate levels in our study were caused by the contribution of long CPB time and upper arm ischemia. Assuming that both arm lactate values were equally affected by CPB and similar processes, right arm lactate levels remained significantly higher than others as an indicator of ischemia and anaerobic metabolism. Rapid improvement observed in SvO2 values at the end of the operation was not observed in lactate levels. Following regional blood flow and oxygenation, improvement of intracellular acidosis and lactate clearance is a more time consuming process.


In cases where cardiac output is insufficient, it is suggested that the cv-a-pCO2-gap be above the critical value of ‘6’ due to insufficient perfusion, and in case of hemoglobin or PaO2 decrease, cv-a-pCO2-gap be <6. Although ScvO2 values are within normal limits, it is claimed that insufficient perfusion is detected with > 6 gap values.23-24 Although venous hypercapnia was expected due to inappropriate blood flow during the hypothermic period of CPB, no increase in cv-a-pCO2-gap is observed due to increased CO2 solubility. The physiological change of CO2 depending on temperature changes and decreases the effectiveness of cv-a-pCO2-gap in CPB hypothermic phase. In our study, the changes observed with other markers due to ischemia did not occur in the cv-a-pCO2-gap value. Therefore, cv-a-pCO2-gap values are thought to be far from guiding in the intraoperative process of cardiac surgery.


NIRS is a non-invasive continuous monitor used to evaluate tissue oxygenation, local O2 consumption, oxidative metabolism, and blood flow in various tissues, including the brain and skeletal muscle.25-26 For skeletal muscle monitoring, the forearm or thenar region is often used because the adipose tissue is less thick.27-28 In one study, nine patients with lower limb compartment syndrome were evaluated, while the mean average SO2 (56 ± 27%) of the affected extremity was significantly lower than in the control group (87 ± 7%), it was observed that it returned to normal after fasciotomy (82 ± 16%).29 Distal leg ischemia in patients with extracorporeal membran oxygenation with femoral artery cannulation is a potentially dangerous complication, such as arm ischemia that may occur in axillary artery cannulation in aortic surgery, and the use of NIRS has yielded very positive results in the follow-up of these patients.30 In these studies, it is seen that vascular diameter, blood flow and oxygenation changes in the extremity muscle tissue can be easily monitored with NIRS. In our study, it was observed that cerebral NIRS values, basal measurements of which were taken after anesthesia induction, showed similar trends in both hemispheres and did not fall below 40 or decrease by 25% compared to baseline values. However, with the right axillary cannulation, the right forearm NIRS values decreased significantly compared to the other arm. SO2, the lowest value of which was observed in the ACP period (25.6%), increased rapidly after reperfusion but did not reach the initial levels at the end of the operation. NIRS values, like lactate measurements, did not return to normal after reperfusion, and this likely reflected the real-time state of the tissue that is still being restored.


Oxidative stress biomarkers: SA, MDA, AOPP
Sialic acid, a glycocalix component, increases after the glycocalix integrity is disrupted by I/R damage. No significant changes in sialic acid levels were observed during the measurement periods in our study. Moreover, changes in the right and left arm sialic acid levels that were thought to be related to I/R detected by other markers were not observed. It has been claimed that high SA levels are a biomarker that indicates myocardial damage and even shows cardiovascular risk. Although there are not many studies on sialic acid in general, there are also studies that do not confirm these ambitious results.31-32

MDA, which is the final product of non-enzymatic degradation of polyunsaturated fatty acids, is one of the most popular lipid peroxidation products.33 MDA values have been shown to accompany the rise of free radicals as an indicator of oxidative stress, to increase with CPB, and to gradually decrease after CPB.7,34,35 Although it was not statistically significant in our study, MDA levels increased with CPB, especially the increase in right arm values was higher than the left, but all decreased at the end of the operation.

AOPP is another biomarker that evaluates oxidative stress. During the inflammatory and oxidative process, free oxygen radicals affect protein, causing some structural changes, and AOPPs formation.36 In our study, AOPP values decreased slightly with CPB, but the right arm experienced the least decrease. These differences were similar at the end of the operation.


In our study, there was no significant difference in oxidative stress biomarkers among right and left arm and central venous measurements. However, I/R injury levels of the right arm were significantly higher than other arm and global systemic circulation in terms of common markers (ScvO2, lactate) and NIRS during the operation. At the end of the operation, although SvO2 of the right arm returned to normal levels, it was observed that the ischemia findings in lactate and NIRS values were alleviated but still continued.  In a study that evaluated the effects of ischemic preconditioning on I/R injury, it was found that inflammatory cytokine levels were not significantly affected by I/R injury.37 It seems that inflammatory markers do not give as much information as the markers we are used to. There are many events that cause I/R damage during a cardiac surgical procedure. I/R damage is exacerbated by the nonphysiological circulatory state initiated by the CPB. Extra applications of aortic surgery, such as ACP and axillary cannulation, contribute to factors that increase the severity of this storm, such as cross clamp and myocardial ischemia, which are included in the routine of cardiac surgery. In our study, we tried to reveal the local and global effects of extremity hypoperfusion developed due to right arm axillary cannulation. In order to isolate the effects of axillary cannulation, we tried to standardize the patient-dependent factors. As a limitation of this study, it may be said that the continuation of blood parameters in the postoperative period was not studied. 


Hypothermia reduces energy consumption in cells and reduces infarct size, protects energy stores during ischemia, therefore, it is effective if applied at the onset of ischemia.38 In our clinic, 28°C moderate hypothermia has been used for aortic surgery for many years. Hypothermia is initiated after entering the CPB after right arm arterial cannulation in aortic surgery. Therefore, the onsets of ischemia and hypothermia occur very closely to each other, resulting in a more controlled iatrogenic ischemia. Probably because of this, patients who underwent aortic surgery did not experience significant clinical ischemia impact in this study.

In conclusion, we have seen that well-known markers such as ScvO2 and lactate reflect the results of I/R faster and valuable than novel biomarkers. We think that NIRS is a promising monitor in terms of providing simultaneous, noninvasive and continuous information about tissue oxygenation. However, oxidative stress biomarkers seem to be far from following the results of I/R damage in an instant or short time, moreover, their costs are high and laboratory studies take time.
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TABLES
Table 1: Patients’ perioperative features

	
	Mean ± SD 
or n(%)

	Preoperative features
Age (years)
Male gender
Body mass index (kg/m2)
Diabetes Mellitus
Hypertension
Hyperlipidemia
Coronary artery disease
	53.6±14.2
34 (85%)
27.3±4.1
4 (10%)
32 (80%)
9 (22%)
9 (22%)

	Operative features
Operation time (min)
Cardiopulmonary bypass time (min)
Cross-clamp time(min)
Antegrade cerebral perfusion time (min)
Intraoperative erytrocyte transfusions
No transfusion
1 Unit
2 Unit
3 Unit
4 Unit
Intraoperative plasma transfusion
No transfusion
1 Unit
2 Unit
3 Unit
4 Unit
Total fluids (ml)
Total urine output(ml)
	385.3±105.3
170±68.3
113.5±48.3
14.5±3.4
23 (57.5%)
7 (17.5 %)
4 (10%)
4 (10%)
1 (2.5%)
14 (35%)
3 (17.5%)
19 (47.5%)
2 (5%)
2 (5%)
1805±830
1455±648

	Postoperative features
Mechanical ventilation duration (hours)
Intensive care unit duration (hours)
Postoperative complications
Major adverse cardiac events
Tamponade
Mediastinitis
30-days mortality

	10.8±5.5
26.7±13.1
4 (10%)
1 (2,5%)
1 (2,5%)
2 (5%)


Table 2: Macrohemodynamic data during time points

	mean ± SD
	T1
	T2
	T3
	T4
	T5

	SAP mmHg
	107.2±18.9
	-
	-
	-
	98.5±12.3

	DAP mmHg
	58.3±10.5
	-
	-
	-
	58.2±8.6

	MAP mmHg
	73.5±11.8
	64.3±15.3
	44.3±8.8
	60.6±15.7
	61.1±7.9

	Pump flow L/min
	-
	4±0.5
	0.8±0.1
	4.2±0.4
	-

	Heart rate/min
	61.9±7.4
	79.2±20.6
	-
	80.2±15.4
	85.4±13.9

	Temperature °C
	36.5±0.4
	32.3±1.7
	28
	34.6±1.8
	36.5±0.6


SAP: systolic arterial pressue, DAP: diastolic arterial pressure, MAP: mean arterial pressure
Table 3: Biochemical markers: SO2, lactate, cv-a-pCO2-gap and NIRS

	Mean  SD
	T1
	T2
	T3
	T4
	T5

	SO2

Arter

Central venous

Right arm

Left arm
	98.51.8

72.86.7

88.312

85.512.5
	99.50.5

78.39.9

47.117.5

68.619.6
	99.21.3

68.79.8

39.619.7

66.711.3
	98.81.5

71.414

41.321.4

78.416.3
	98.71.1

68.211

64.916

69.219

	Lactate

Arter

Central

Right arm

Left arm
	0.90.4

0.90.4

1.10.4

1.42.4
	2.81.6

2.41.4

31.2

2.21
	3.62.1

3.71.9

5.72.5

3.61.6
	52.5

52.3

6.42.6

4.81.9
	4.53.5

4.73.7

5.62.5

4.93.3

	cv-a-pCO2-gap
	6.162.6
	6.053.8
	6.14.3
	6.34.3
	7.13.5

	NIRS (%rSO2)

Cerebral Right

Cerebral Left

Somatic Right arm

Somatic Left arm
	61.77.4

61.49.3

71.69.1

729.5
	55.48.6

54.411

36.418.7

66.810.6
	52.59

51.79.9

25.613.5

63.412.7
	57.38.6

55.29.3

30.516.1

69.19.2
	58.88

57.48.3

59.718.1

71.410.7


TITLES OF FIGURES
Figure 1: Venous oxygen saturations during the time points

Not:
Left and right arm SvO2 differences: 


T1 p=0.244; T 2,3,4 p <0.001; T 5 p=0.204
Central and right arm SvO2 differences: 


T1 p<0.001; T2 p<0.002; T3, T4 p<0.001; T5 p=0.580
Central and left arm SvO2 differences: 


T1 p<0.001; T2 p=0.021; T3 p=0.519; T4 p=0.009; T5 p=0.354
Figure 2: Lactate levels during the time points

Not:
Left and right arm venous lactate 


a p= 0.660 b p= 0.003 c p<0.001 d p<0.001 e p=0.013
Central and right arm venous lactate 

a p= 0.002 b p=0.008 c p<0.001 d p=0.005  e p=0.005
Central and left arm venous lactate


 ap= 0.019 b p=0.634   c p= 0.707  d p= 0.718 e p= 0.400
Figure 3: NIRS during time points

Not:
Somatic right and left arm NIRS value differences: 
T1 p= 0.363; T2,3,4 p<0.001; T5 p=0.002
Figure 4: Sialic acid during time points

Not:

Central, left and right arm venous * p= 0.380, 
Central, left and right arm venous + p= 0.507
Central difference ap= 0.083, Right arm difference bp= 0.468, Left arm difference cp= 0.228
Figure 5: Malondialdehyde during time points

Not:
Central, left and right arm *p= 0.677, 
Central, left and right arm +p= 0.354
Central venous difference ap=0.707,
Right arm difference bp=0.604, 
Left arm difference cp= 0.145
Figure 6: Advance oxidative protein products during time points

Not:
Central, left and right arm *p= 0.488, 
Central, left and right arm +p= 0.269
Central venous difference ap=0.396, 
Right arm difference bp=0.778, 
Left arm difference cp= 0.614
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