

  biomedicines-11-01873




biomedicines-11-01873







Biomedicines 2023, 11(7), 1873; doi:10.3390/biomedicines11071873




Article



Measuring Mitochondrial Oxygen Tension during Red Blood Cell Transfusion in Chronic Anemia Patients: A Pilot Study



Rinse Ubbink 1[image: Orcid], Lucia W. J. M. Streng 1,*[image: Orcid], Nicolaas J. H. Raat 1, Floor A. Harms 1[image: Orcid], Peter A. W. te Boekhorst 2, Robert J. Stolker 1 and Egbert G. Mik 1





1



Laboratory of Experimental Anesthesiology, Department of Anesthesiology, Erasmus MC, University Medical Center Rotterdam, 3000 CA Rotterdam, The Netherlands






2



Department of Hematology, Erasmus MC, University Medical Center Rotterdam, 3000 CA Rotterdam, The Netherlands









*



Correspondence: l.streng@erasmusmc.nl







Academic Editors: Chia-Jung Li and Jan Ježek



Received: 9 September 2022 / Revised: 19 June 2023 / Accepted: 26 June 2023 / Published: 30 June 2023



Abstract

:

In light of the associated risks, the question has been raised whether the decision to give a blood transfusion should solely be based on the hemoglobin level. As mitochondria are the final destination of oxygen transport, mitochondrial parameters are suggested to be of added value. The aims of this pilot study were to investigate the effect of a red blood cell transfusion on mitochondrial oxygenation as measured by the COMET device in chronic anemia patients and to explore the clinical usability of the COMET monitor in blood transfusion treatments, especially the feasibility of performing measurements in an outpatient setting. To correct the effect of volume load on mitochondrial oxygenation, a red blood cell transfusion and a saline infusion were given in random order. In total, 21 patients were included, and this resulted in 31 observations. If patients participated twice, the order of infusion was reversed. In both the measurements wherein a blood transfusion was given first and wherein 500 mL of 0.9% saline was given first, the median mitochondrial oxygen tension decreased after red blood cell transfusion. The results of this study have strengthened the need for further research into the effect of blood transfusion tissue oxygenation and the potential role of mitochondrial parameters herein.
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1. Introduction


Since 98% of oxygen in the blood is bound by hemoglobin (Hb), red blood cells play a vital role in oxygen transport from the alveoli in the lungs to tissues in the entire body [1]. In cells, mitochondria use oxygen for oxidative phosphorylation to create adenosine triphosphate (ATP). This oxygen-dependent process is highly efficient in generating ATP. In comparison, anaerobic glycolysis results in 88% less ATP per glucose molecule [2]. Therefore, a reduced level of red blood cells (RBCs), or anemia, compromises metabolic capacity and the processes depending upon it.



The cornerstone of treatment for anemia is a red blood cell transfusion (RBCT). However, an RBCT has various risks. These may involve blood-transmitted bacterial or viral pathogens, immunological reactions, such as an acute hemolytic reaction or acute lung injury related to transfusions (TRALI), hemodynamic or electrolyte disorders, or simply administration of the wrong product through human error [3]. It follows that RBCTs should only be given to patients for whom the benefits outweigh the risks [4].



Currently, the decision to transfuse erythrocytes in most clinical cases is mainly based on a level of hemoglobin specified as a transfusion trigger. To prevent unnecessary RBCTs, studies have compared the effects of transfusion trigger levels, with particular attention to differences between liberal (5.6 mmol/L to 6.21 mmol/L) or restrictive (3.34 mmol/L) transfusion triggers [5,6,7,8]. Nevertheless, finding a ‘one size fits all’ hemoglobin level below which blood transfusion is beneficial remains difficult [9,10]. Consequently, the question has been raised whether the decision for an RBCT should be based on the hemoglobin level alone [8].



Considering that mitochondria are the final destination for oxygen, mitochondrial oxygen tension (mitoPO2) measurement can theoretically give essential information about the adequacy of oxygen delivery capacity and the occurrence of cellular hypoxia. MitoPO2 can be measured non-invasively using the COMET device, which employs the protoporphyrin IX-triplet state lifetime technique [11]. The PpIX-TSLT is based on the delayed fluorescent properties of protoporphyrin IX. To stimulate the synthesis of endogenous mitochondrial PpIX through the conversion of 5-aminolevulinic acid (ALA), an ALA plaster (Alacare, Photonamic GmbH & Co.KG., Pinneberg, Germany) has to be applied to the skin for several hours. After subsequent excitation with light, the accumulated protoporphyrin IX emits a delayed red fluorescence. The delayed fluorescence lifetime is oxygen-dependent. Short lifetimes resemble high partial oxygen pressure, and long lifetimes resemble low oxygen pressure [12].



In prior animal experiments, we showed a correlation between a sudden drop in mitoPO2 and the critical hematocrit [13]. Based on these findings, we hypothesize that anemia-induced low mitochondrial oxygen tension does not improve after fluid administration but after a transfusion of erythrocytes (MOTIFATE). As clinical experience with the COMET monitor is limited, we first wanted to carry out a pilot study in a low-risk population under standardized measuring circumstances.



Whilst acute anemia is generally caused by acute (surgical) blood loss or hemolysis, chronic anemia is often a derivative of chronic disease [14]. The pathophysiology of chronic anemia in adults can be divided in three categories: a decreased production of RBCs (e.g., in myelodysplastic syndromes), an increased breakdown of RBCs (e.g., sickle cell anemia), or a loss of RBCs (e.g., heavy menstrual blood loss) [14]. To increase oxygen delivery and maintain an adequate oxygen supply in these patients, an RBC transfusion is given on a regular basis. Transfusion is often given in an elective setting during hospital daycare. Therefore, chronic anemia patients are considered a low-risk population for initiating transfusion-related research using the COMET monitor.



In light of the above, we conducted a pilot study in chronic anemia patients evaluating a clinical approach to test the MOTIFATE hypothesis. The primary endpoint of the study was mitoPO2 and its differential response to RBC transfusion compared to a fluid challenge. Furthermore, a secondary endpoint was to explore the clinical usability of the COMET monitor in blood transfusion treatments, especially the feasibility of performing measurements in an outpatient setting.




2. Materials and Methods


2.1. Study Design and Setting


This single-center pilot study was performed at the Erasmus Medical Center (Erasmus MC) in Rotterdam, the Netherlands. The protocol was approved by the Institutional Research Board (IRB) of Erasmus MC and registered in the Central Commission for research in humans register (NL55664.078.15). Written informed consent was obtained from all patients before any research activities.



Eligible patients were above 18 years of age and either presented with a low Hb level (<5.0 mmol/L) or clinical symptoms related to a low Hb according to the Dutch transfusion guidelines for chronic anemia patients [15]. Exclusion criteria consisted of intellectual disability or a medical history of porphyria, hemoglobinopathy, or heart or kidney failure with a fluid-restricted diet.



For participants who received an RBCT at the outpatient clinic, a 5-aminolevulinic acid (ALA) plaster (Alacare, Medac GmbH, Wedel, Germany) was mailed a few days in advance. It was recommended to clean and shave the skin before the ALA plaster was applied.



The outpatients came for their regular hematologist visit in the Erasmus MC the next day. The hematologist determined the amount of transfused red blood cell units, which varied between 1 and 3 units and was based on the hemoglobin level in an arterial sample in the morning. One red blood cell unit consisted of 270 to 290 mL. If an RBCT was unnecessary, the patient went home after the ALA plaster was removed and replaced with a different, light-shielding plaster to protect the skin from sunlight. The protective plaster was allowed to be removed in the evening.



For patients admitted to the hospital, Hb levels were checked daily to determine the need for an RBCT. If a patient was likely to receive an RBCT, informed consent was sought. The ALA plaster was applied around 10 p.m. on the day before the RBCT. If the RBCT was scheduled for the end of the day, the ALA plaster was applied at least 4 h before the intervention.



In addition, vital signs, such as blood pressure, temperature, and oxygen saturation were monitored. The RBCT started with 10 min slow infusion (60 mL/h) of the RBC unit to determine the occurrence of a transfusion reaction. Afterwards, the infusion rate was set to 300 mL/h, after which it took approximately 60 min to administer one RBC unit. In order to analyze the MOTIFATE hypothesis, before or after RBCT, a fluid challenge (FC) was given (500 mL 0.9% sodium chloride) to distinguish between a volume effect or an effect as a result of an increase in number of red blood cells. Both the erythrocytes and the saline infusion were not pre-warmed prior to infusion.



Patients were allowed to participate two times in this study. The selection of patients who could participate twice was not pre-planned. Therefore, every subject who needed an RBCT on two different occasions during the study period could be assessed twice until the intended sample size was reached. The order of first receiving the RBCT or FC was decided using sealed envelopes, opened on the measurement day. If a patient participated multiple times, the order of transfusion of the RBCT and FC was reversed the second time.




2.2. Recruitment and Consent


Patients in need of a blood transfusion were screened by the hematologist. If patients proved to be eligible for participation, their contact information was provided to the researcher. Subsequently, the researcher would telephone the patient, explain the study, and seek informed consent.




2.3. MitoPO2 Measurements


After informed consent, a plaster of 5-aminolevulinic acid (ALA) (Alacare, Photonamic GmbH & Co.KG., Pinneberg, Germany) was either sent to the patient or applied by the researcher. The 5-aminolevulinic acid in the plaster was applied on the skin for at least 4 h to enhance the protoporphyrin IX (PpIX) concentration in the mitochondria.



PpIX is the final precursor of heme in the heme biosynthetic pathway and is synthesized in the mitochondria [16]. As the conversion of PpIX to heme is a rate-limiting step, the administration of ALA causes accumulation of PpIX inside the mitochondria. Delayed fluorescence can be detected after short excitation of PpIX within the red spectrum. The delayed fluorescence is the result of spontaneous relaxation with the emission of a photon. Oxygen is an effective quencher of this excited state. Energy is transferred to oxygen, and PpIX relaxes without the emission of a photon. The interaction between porphyrin and oxygen is visualized in a Jablonski diagram in Figure 1. The delayed fluorescence lifetime is related to mitoPO2 according to the Stern–Volmer equation:


    PO  2  =    1 τ  −  1   τ 0       k q     








in which τ is the measured delayed fluorescence lifetime, kq is the quenching constant, and τ0 is the lifetime at zero oxygen. The Stern–Volmer equation is valid for a homogenous oxygen distribution and after excitation with a pulse of light, of which the lifetime is much shorter than τ. In the case of a non-homogenous oxygen distribution inside the measurement volume, a reliable estimation of the average PO2 can be made using the rectangular distribution method (RDM) [17,18,19]. In-depth details of the method to calculate mitochondrial oxygen tension from PpIX delayed fluorescence can be found in Mik et al. [16], and the methodology behind the mitoPO2 measurements was previously described by Harms et al. [11,20].



After the introduction of the protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT) in 2006, it has been extensively evaluated and calibrated in various tissues, including the liver, heart, and skin cells of study animals [16,21,22,23,24,25]. Further pre-clinical studies consisted of (calibration) studies in healthy volunteers, after which the focus shifted to clinical studies [20,26]. Since the introduction of the clinical COMET system in 2016, mitochondrial oxygenation has been analyzed in neonates and in neurosurgical, cardiothoracic surgery, COVID-19, and sepsis patients [27,28,29,30]. A depiction of the COMET system can be seen in Figure 2.




2.4. Data Analysis


The primary study parameter was mitoPO2 in kPa measured using the COMET device. The secondary study parameters included hemodynamic parameters and red blood cell age. As this was a pilot study, no a priori sample size was calculated. The IRB agreed on a pilot study comprising 16 inclusions per group, whereby patients could participate in both groups.



Analysis of the data was split between patients measured twice (paired measurements) and patients measured once (unpaired measurements). Data were tested for normality using a Shapiro–Wilk test at every time point. Change in mean mitoPO2 from baseline after RBCT and saline infusion was analyzed using an ANOVA repeated measures test. The paired t-test was used for comparison of the primary and secondary parameters. To correct for multiple testing, a Bonferroni correction was applied for the alpha level. A linear regression model was used to assess the relation between delta mitoPO2 and the age of the given erythrocytes. Data analysis was performed using R statistics version 4.1.3 (R Foundation for Statistical Computing, Vienna, Austria) [31].





3. Results


In total, 21 patients were enrolled (April 2016 till January 2018). Twelve of these patients were measured on two different occasions, whereby one time they first received an RBCT or an FC with saline and the second time vice versa. The other nine either received an RBCT or an FC. From the 33 observations, 2 measurements were not included in the analysis as a result of the insufficient signal quality of the mitoPO2 measurement. This resulted in 31 observations from 20 patients, as can be seen in the flowchart in Figure 3. In total, 50% of the patients were diagnosed with myelodysplastic syndrome or acute myeloid leukemia. The patient characteristics can be seen in Table 1. All patients remained hemodynamically stable throughout the measurements, as can be seen in Table 2. The median time between an RBCT and saline infusion was 6 min, with a minimum of 1 min and maximum of 22 min. The median time between a saline infusion and an RBCT was 7 min with a minimum of 1 min and a maximum of 39 min. Detailed information on the time in days between measurements for the patients that have been measured twice can be found in Table S1 in the Supplementary Materials.



3.1. MitoPO2 after Red Blood Cell Transfusion and Fluid Challenge


Figure 4 shows an example of the response in mitoPO2 after an RBCT followed by an FC. MitoPO2 was measured with an interval of 1 min. With respect to the overall response of the measurements, mitoPO2 dropped during the RBCT and did not change during the FC.



Contrary to the MOTIFATE hypothesis, overall, in the group who received an RBCT first, the mean mitoPO2 measurements decreased significantly from baseline upon an RBCT (8.07 ± 1.82 kPa to 5.12 ± 1.78 kPa (n = 16; p < 0.05; mean ± standard deviation (SD)). After the subsequent saline infusion, an insignificant rise in the mean mitoPO2 to 5.36 ± 1.58 kPa was observed. In the group who started with the FC followed by the RBCT, the mean baseline mitoPO2 was 8.45 ± 3.92 kPa, which slightly decreased to 7.09 ± 2.80 kPa after the FC. The mean mitoPO2 was significantly reduced to 5.08 ± 2.04 kPa after an RBCT. The abovementioned results are displayed in Figure 5. Detailed sub comparisons with stratification of increasing and decreasing observations between timepoints can be found in the Figure S1 in the Supplementary Materials.




3.2. Hemoglobin Level in Relation to mitoPO2


No correlation could be found between either the baseline Hb level and baseline mitoPO2 (R2 = 0.002, intercept = 7.01 kPa, slope = 0.25 kPa, p = 0.82) or the baseline Hb level and delta mitoPO2 (R2 = 0.0002, intercept = −2.88 kPa, slope = 0.08 kPa, p = 0.94). Delta mitoPO2 was calculated as the change in the mitoPO2 value between either baseline and after an RBCT or the last part of both the FC and RBCT, depending on the order in which the fluids were administered. Figure 6 displays the corresponding graphs.




3.3. Delta mitoPO2 in Relation to Red Blood Cell Unit Age


The delta mitoPO2 in relation to red blood cell unit age could be analyzed in 25 of the 31 RBCT cases. In the measurements of the group who received RBCT first, delta mitoPO2 were constituted of the difference between the baseline mitoPO2 and mitoPO2 after an RBCT. In the measurements of the group who received a fluid challenge first, the delta mitoPO2 was based on the difference in mitoPO2 between mitoPO2 after an FC and after an RBCT.



No correlation could be found between delta mitoPO2 and age for all given erythrocytes (R2 = 0.02, intercept = −1.87 ∆kPa decrease, slope = −0.05 ∆kPa/day, p = 0.54), as can be seen in Figure 7.




3.4. Skin Temperature during Red Blood Cell Transfusion and Fluid Challenge


During RBCTs and FCs, skin temperature was measured as a proxy for probe temperature. No significant change in skin temperature was seen in the first sequence (an RBCT followed by an FC) between the start and end of an RBCT (p = 0.05) or the start of an FC and the end of an FC (p = 0.90). Neither was a significant change found in the second sequence (an FC followed by an RBCT) between the start and end of an FC (p = 0.32) nor between the start and end of an RBCT (p = 0.5897). These results are also depicted in Figure 8.





4. Discussion


In this pilot study, we were able to continuously monitor mitoPO2 during RBCTs in chronic anemic patients in an outpatient setting. The most prominent effect of RBCTs on the median mitoPO2 was a decrease. This effect was not seen after infusions of 500 mL of saline. The overall decrease in mitoPO2 is an unexpected result. However, definite conclusions on the effect of RBCTs on mitochondrial oxygenation in comparison to FCs cannot be drawn based on the results of this pilot study, for the reason that the sample size is too small, and there is an absence of comparative measurements, such as using near infrared spectroscopy (NIRS).



In prior studies, the potential of monitoring mitoPO2 as an early detection method for adequate oxygen delivery capacity was highlighted. For instance, in the pre-clinical study by Römers et al. in 2016 [13], both skeletal muscle tissue oxygenation (StO2) using NIRS and mitoPO2 were measured in pigs during a hemodilution protocol. Whereas mitoPO2 showed a decrease preceding the decline in hemodynamic parameters and a rise in lactate, the NIRS values remained stable even though ischemia occurred [13]. The same phenomenon has been described in two clinical studies by Harms et al. [29]. During cardiac surgery, in contrast to mitoPO2, NIRS only decreased during extreme intraoperative events [29]. Furthermore, Harms et al. illustrated a case in which mitochondrial and microcirculatory parameters preceded a change in StO2 and hemodynamic parameters during ongoing blood loss [32].



Theoretically, mitoPO2 is the ultimate parameter for blood-transfusion-related research and transfusion medicine. Considering the physiology and mechanisms involved in oxygen transport and delivery to tissues, the decrease in mitoPO2 after RBCTs can be explained by several mechanisms. The first of these is that cell-free plasma hemoglobin may scavenge the important vasodilator nitric oxide (NO) and could decrease the microvascular flow due to vasoconstriction in the skin [33,34,35]. Moreover, the transfused RBCs could be less deformable [36,37] and aggregate in the microcirculation and reduce blood flow [36,38]. Microcirculatory flow could be additionally affected by an alteration in the plasma hematocrit ratio (the Fåhraeus–Lindqvist effect) [39,40].



Furthermore, 2,3-disphosphoglycerate (2,3-DPG) is a metabolic intermediate that allosterically affects hemoglobin oxygen affinity. After 10 days of storage, almost all red blood cells’ 2,3-DPG are depleted [41], and the oxyhemoglobin dissociation curve shifts to the left, increasing the hemoglobin affinity for O2. Consequently, less oxygen is released to the tissue. Our analysis revealed no correlation between mitoPO2 before and after blood transfusion and the age of given erythrocytes. This can be explained by the fact that only two of the given erythrocyte units were younger than 10 days, implying that in the majority of these units, 2,3-DPG was already depleted. The used research design was obviously unsuitable to investigate the effect of the depletion of 2,3-DPG on mitoPO2. A follow-up study focused on the age of the transfused erythrocytes and its effect on mitoPO2 is necessary to address this question.



Another possible explanation could be the concept of a critical Hb level. If the critical Hb level is reached, compensatory physiological responses to anemia are unable to maintain tissue oxygenation [42]. A further decline in Hb concentration will, therefore, lead to a decrease in the delivery of oxygen and oxygen consumption [43]. It has been suggested that the critical Hb level is not only patient- and disease-dependent but can also vary over time, as the compensatory responses to anemia may be affected by different comorbidities. As patients could also receive an RBCT if their Hb level was 5.0 mmol/L without clinical symptoms, it may be possible that the majority of the patients did not reach the critical Hb level. This could explain the seemingly contradictive effect of RBCTs on mitochondrial oxygenation in the few patients in our cohort, who demonstrated improved mitochondrial oxygenation after RBCTs [42]. Furthermore, it would also explain why no clinically significant changes were seen in mitoPO2 after saline infusion in our results. If the critical Hb level was reached in our patient population, it would be expected that mitoPO2 would decrease after saline infusion as a result of hemodilution. The suggestion that the individual critical Hb level could potentially be determined using mitoPO2 measurements provides opportunities for further research in both clinical and pre-clinical settings. The hypothesis in future studies would be that if the Hb level is low without a decreased mitoPO2, the critical Hb level is not reached; therefore, an RBCT is not indicated. In the long term, the results of these studies may well lead to changes in the management of RBCTs, with, hopefully, a better patient outcome as a result.



The results of our study, wherein mitoPO2 did not improve upon RBCTs, are consistent with the systematic review by Nielsen et al., which was published in 2017 [44]. They reviewed all articles between 1947 and 2017 which measured the effect of RBCTs on tissue oxygenation or microcirculatory parameters in patients admitted to the intensive care unit (ICU) [44]. The used techniques included lactic acid measurement, gastric tonometry, NIRS, and sidestream dark field (SDF) imaging. The authors concluded that, generally, RBCTs did not improve tissue oxygenation or microcirculatory parameters in ICU patients with moderate anemia with a hemoglobin level between 4.34 and 6.21 mmol/L (7–10 g/dL) [44]. However, several of the studies also showed that patients with disturbances in tissue oxygenation or microcirculatory parameters did show improvement upon RBCTs. For these patients, the pre-transfusion baseline parameters for oxygenation and microcirculatory flow were correlated to the post-transfusion values, suggesting a difference in the benefit from RBCTs [44].



Limitations


This study has several limitations. First, this is a pilot study with a sample size of 20 patients and 31 observations. Apart from the overall decrease in mitoPO2, an increase in mitoPO2 of more than 10% upon RBCTs was observed in four patients. As a result of the small sample size and the lack of post-RBCT parameters, however, we cannot clarify whether the difference between the increase and decrease in mitoPO2 is associated with an improvement in health complaints, microcirculatory parameters, hemodynamic parameters, or laboratory values. The aforementioned parameters were not included in the study protocol, as the focus of this pilot study was on mitoPO2 and its differential response to RBC transfusion compared to FCs and the clinical feasibility and approach of the measurements. Hence, a parallel analysis of standardized parameters, such as arterial PO2, CO2, serum lactate, or StO2, should be included in future follow-up studies.



Furthermore, the study population consisted of chronic anemia patients, as these patients regularly receive an RBCT at a planned appointment, which enables the placement of the ALA plaster 4 hr before the measurement. However, patients with chronic anemia have had time to physiologically adapt to compensate for the low Hb level and maintain necessary oxygen delivery [45]. This makes it difficult to translate our results to patients with acute anemia.



Lastly, we only measured mitoPO2 before, during, and shortly after RBCTs. The decrease in mitoPO2 could be a transient effect, after which patients experience the negative effects of RBCTs. This period could potentially be hours or days.





5. Conclusions


In this pilot study, we explored the use of an innovative technique that introduces a novel clinical parameter, mitoPO2, during blood transfusions in an ambulatory setting. The differential response of mitoPO2 to RBCTs in comparison to FCs was examined. We observed a decrease in mitochondrial oxygenation after RBCTs, which was not seen after saline infusions. The clinical significance of the decrease in mitoPO2 in terms of the clinical outcome remains to be elucidated. Our results should be validated in a larger, powered trial. Future research should preferably combine mitochondrial oxygenation and microvascular blood flow measurements and include additional outcome measures. In addition, it should be measured over the course of days to investigate if the effect is transient. To conclude, in combination with microvascular parameters, mitochondrial oxygenation measurements provide novel insight into the effect of RBCTs on cellular oxygenation. The results of this study encourage the exploration of mitoPO2 as a potential transfusion trigger or a means to personalized transfusion medicine.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines11071873/s1, Table S1: Time in days between measurements for the patients that have been measured twice; Figure S1: Sub comparisons with stratification increasing and decreasing observations between timepoints. (A) comparison Baseline and RBCT, (B) comparison RBCT and FC, (C) comparison Baseline and FC, (D) comparison between FC and RBCT.





Author Contributions


Conceptualization: R.U., E.G.M., N.J.H.R., P.A.W.t.B. and R.J.S.; methodology: R.U., E.G.M., N.J.H.R. and P.A.W.t.B.; software: R.U.; validation: E.G.M., N.J.H.R., P.A.W.t.B., R.J.S., R.U., L.W.J.M.S. and F.A.H.; formal analysis: R.U.; investigation: R.U. and F.A.H.; resources: E.G.M., N.J.H.R., P.A.W.t.B. and R.J.S.; data curation, R.U.; writing—original draft preparation: R.U., E.G.M., N.J.H.R., P.A.W.t.B. and R.J.S.; writing—review and editing; visualization: E.G.M., N.J.H.R., P.A.W.t.B., R.J.S., F.A.H., R.U. and L.W.J.M.S.; supervision: E.G.M., N.J.H.R., P.A.W.t.B. and R.J.S.; project administration: R.U. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the Erasmus MC (protocol code MEC 2015-727 and date of approval 11 February 2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


E.G.M. is listed as an inventor on patents related to mitochondrial oxygen measurements held by the Academic Medical Center Amsterdam and the Erasmus MC Rotterdam, the Netherlands. He is the founder and shareholder of Photonics Healthcare, a company that holds exclusive licenses to these patents and that markets the COMET® system. R.U. is a minority shareholder of Photonics Healthcare. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Rhodes, C.E.; Denault, D.; Varacallo, M. Physiology, Oxygen Transport; StatPearls: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Winslow, R.M. Oxygen: The poison is in the dose. Transfusion 2013, 53, 424–437. [Google Scholar] [CrossRef]

	



Bolcato, M.; Russo, M.; Trentino, K.; Isbister, J.; Rodriguez, D.; Aprile, A. Patient blood management: The best approach to transfusion medicine risk management. Transfus. Apher. Sci. 2020, 59, 102779. [Google Scholar] [CrossRef] [PubMed]

	



Goodnough, L.T.; Levy, J.H.; Murphy, M.F. Concepts of blood transfusion in adults. Lancet 2013, 381, 1845–1854. [Google Scholar] [CrossRef]

	



Akyildiz, B.; Ulgen Tekerek, N.; Pamukcu, O.; Dursun, A.; Karakukcu, M.; Narin, N.; Yay, M.; Elmali, F. Comprehensive Analysis of Liberal and Restrictive Transfusion Strategies in Pediatric Intensive Care Unit. J. Trop. Pediatr. 2018, 64, 118–125. [Google Scholar] [CrossRef]

	



Jairath, V.; Kahan, B.C.; Gray, A.; Doré, C.J.; Mora, A.; James, M.W.; Stanley, A.J.; Everett, S.M.; Bailey, A.A.; Dallal, H.; et al. Restrictive versus liberal blood transfusion for acute upper gastrointestinal bleeding (TRIGGER): A pragmatic, open-label, cluster randomised feasibility trial. Lancet 2015, 386, 137–144. [Google Scholar] [CrossRef]

	



Møller, A.; Nielsen, H.B.; Wetterslev, J.; Pedersen, O.B.; Hellemann, D.; Winkel, P.; Marcussen, K.V.; Ramsing, B.G.; Mortensen, A.; Jakobsen, J.C.; et al. Low vs high hemoglobin trigger for transfusion in vascular surgery: A randomized clinical feasibility trial. Blood 2019, 133, 2639–2650. [Google Scholar] [CrossRef] [PubMed]

	



Carson, J.L.; Stanworth, S.J.; Roubinian, N.; Fergusson, D.A.; Triulzi, D.; Doree, C.; Hebert, P.C. Transfusion thresholds and other strategies for guiding allogeneic red blood cell transfusion. Cochrane Database Syst. Rev. 2016, 10, CD002042. [Google Scholar] [CrossRef]

	



Cortés Buelvas, A.; Buelvas, A.C. Anemia and transfusion of red blood cells. Cortés BA Colomb. Med. 2013, 44, 236–242. [Google Scholar] [CrossRef]

	



Refaai, M.A.; Blumberg, N. The transfusion dilemma–weighing the known and newly proposed risks of blood transfusions against the uncertain benefits. Best Pract. Res. Clin. Anaesthesiol. 2013, 27, 17–35. [Google Scholar] [CrossRef] [PubMed]

	



Ubbink, R.; Bettink, M.A.W.; Janse, R.; Harms, F.A.; Johannes, T.; Münker, F.M.; Mik, E.G. A monitor for Cellular Oxygen METabolism (COMET): Monitoring tissue oxygenation at the mitochondrial level. J. Clin. Monit. Comput. 2017, 31, 1143–1150. [Google Scholar] [CrossRef] [PubMed]

	



Mik, E.G. Special article: Measuring mitochondrial oxygen tension: From basic principles to application in humans. Anesth. Analg. 2013, 117, 834–846. [Google Scholar] [CrossRef] [PubMed]

	



Römers, L.H.; Bakker, C.; Dollée, N.; Hoeks, S.E.; Lima, A.; Raat, N.J.; Johannes, T.; Stolker, R.J.; Mik, E.G. Cutaneous Mitochondrial PO2, but Not Tissue Oxygen Saturation, Is an Early Indicator of the Physiologic Limit of Hemodilution in the Pig. Anesthesiology 2016, 125, 124–132. [Google Scholar] [CrossRef] [PubMed]

	



Badireddy, M.; Baradhi, K.M. Chronic Anemia; StatPearls: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Landelijke Gebruikersraad Sanquin Bloedvoorziening. Richtlijn Bloedtransfusie. 2011. Available online: https://richtlijnendatabase.nl/richtlijn/bloedtransfusiebeleid/startpagina_-_bloedtransfusiebeleid.html (accessed on 1 February 2016).

	



Mik, E.G.; Stap, J.; Sinaasappel, M.; Beek, J.F.; Aten, J.A.; van Leeuwen, T.G.; Ince, C. Mitochondrial PO2 measured by delayed fluorescence of endogenous protoporphyrin IX. Nat. Methods 2006, 3, 939–945. [Google Scholar] [CrossRef] [PubMed]

	



Harms, F.A.; Bodmer, S.I.A.; Raat, N.J.H.; Mik, E.G. Non-invasive monitoring of mitochondrial oxygenation and respiration in critical illness using a novel technique. Crit. Care 2015, 19, 343. [Google Scholar] [CrossRef] [PubMed]

	



Bodmer, S.I.; Balestra, G.M.; Harms, F.A.; Johannes, T.; Raat, N.J.; Stolker, R.J.; Mik, E.G. Microvascular and mitochondrial PO2simultaneously measured by oxygen-dependent delayed luminescence. J. Biophotonics 2012, 5, 140–151. [Google Scholar] [CrossRef]

	



Golub, A.S.; Popel, A.S.; Zheng, L.; Pittman, R.N. Analysis of phosphorescence in heterogeneous systems using distributions of quencher concentration. Biophys. J. 1997, 73, 452–465. [Google Scholar] [CrossRef]

	



Harms, F.A.; Stolker, R.J.; Mik, E.G. Cutaneous Respirometry as Novel Technique to Monitor Mitochondrial Function: A Feasibility Study in Healthy Volunteers. PLoS ONE 2016, 11, e0159544. [Google Scholar] [CrossRef]

	



Harms, F.A.; Bodmer, S.I.; Raat, N.J.; Stolker, R.J.; Mik, E.G. Validation of the protoporphyrin IX-triplet state lifetime technique for mitochondrial oxygen measurements in the skin. Opt. Lett. 2012, 37, 2625–2627. [Google Scholar] [CrossRef]

	



Mik, E.G.; Johannes, T.; Zuurbier, C.J.; Heinen, A.; Houben-Weerts, J.H.; Balestra, G.M.; Stap, J.; Beek, J.F.; Ince, C. In vivo mitochondrial oxygen tension measured by a delayed fluorescence lifetime technique. Biophys. J. 2008, 95, 3977–3990. [Google Scholar] [CrossRef] [PubMed]

	



Mik, E.G.; Ince, C.; Eerbeek, O.; Heinen, A.; Stap, J.; Hooibrink, B.; Schumacher, C.A.; Balestra, G.M.; Johannes, T.; Beek, J.F.; et al. Mitochondrial oxygen tension within the heart. J. Mol. Cell. Cardiol. 2009, 46, 943–951. [Google Scholar] [CrossRef]

	



Harms, F.A.; de Boon, W.M.; Balestra, G.M.; Bodmer, S.I.; Johannes, T.; Stolker, R.J.; Mik, E.G. Oxygen-dependent delayed fluorescence measured in skin after topical application of 5-aminolevulinic acid. J. Biophotonics 2011, 4, 731–739. [Google Scholar] [CrossRef] [PubMed]

	



Harms, F.A.; Voorbeijtel, W.J.; Bodmer, S.I.; Raat, N.J.; Mik, E.G. Cutaneous respirometry by dynamic measurement of mitochondrial oxygen tension for monitoring mitochondrial function in vivo. Mitochondrion 2013, 13, 507–514. [Google Scholar] [CrossRef] [PubMed]

	



Ubbink, R.; Wefers Bettink, M.A.; van Weteringen, W.; Mik, E.G. Mitochondrial oxygen monitoring with COMET: Verification of calibration in man and comparison with vascular occlusion tests in healthy volunteers. J. Clin. Monit. Comput. 2021, 35, 1357–1366. [Google Scholar] [CrossRef]

	



Streng, L.W.J.M.; de Wijs, C.J.; Raat, N.J.H.; Specht, P.A.C.; Sneiders, D.; van der Kaaij, M.; Endeman, H.; Mik, E.G.; Harms, F.A. In Vivo and Ex Vivo Mitochondrial Function in COVID-19 Patients on the Intensive Care Unit. Biomedicines 2022, 10, 1746. [Google Scholar] [CrossRef] [PubMed]

	



Baumbach, P.; Neu, C.; Derlien, S.; Bauer, M.; Nisser, M.; Buder, A.; Coldewey, S.M. A pilot study of exercise-induced changes in mitochondrial oxygen metabolism measured by a cellular oxygen metabolism monitor (PICOMET). Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1865, 749–758. [Google Scholar] [CrossRef]

	



Harms, F.A.; Ubbink, R.; De Wijs, C.J.; Ligtenberg, M.P.; Ter Horst, M.; Mik, E.G. Mitochondrial Oxygenation During Cardiopulmonary Bypass: A Pilot Study. Front. Med. 2022, 9, 785734. [Google Scholar] [CrossRef]

	



Costerus, S.A.; Bettink, M.W.; Tibboel, D.; De Graaff, J.C.; Mik, E.G. Mitochondrial Oxygen Monitoring During Surgical Repair of Congenital Diaphragmatic Hernia or Esophageal Atresia: A Feasibility Study. Front. Pediatr. 2020, 8, 532. [Google Scholar] [CrossRef] [PubMed]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2017. [Google Scholar]

	



Harms, F.A.; Brandt-Kerkhof, A.R.M.; Mik, E.G. Monitoring of mitochondrial oxygenation during perioperative blood loss. BMJ Case Rep. 2021, 14, e237789. [Google Scholar] [CrossRef]

	



Aubron, C.; Nichol, A.; Cooper, D.J.; Bellomo, R. Age of red blood cells and transfusion in critically ill patients. Ann. Intensive Care 2013, 3, 2. [Google Scholar] [CrossRef]

	



Lee, J.S.; Gladwin, M.T. Bad Blood: The risks of red cell storage. Nat. Med. 2010, 16, 381–382. [Google Scholar] [CrossRef] [PubMed]

	



Risbano, M.G.; Kanias, T.; Triulzi, D.; Donadee, C.; Barge, S.; Badlam, J.; Jain, S.; Belanger, A.M.; Kim-Shapiro, D.B.; Gladwin, M.T. Effects of Aged Stored Autologous Red Blood Cells on Human Endothelial Function. Am. J. Respir. Crit. Care Med. 2015, 192, 1223–1233. [Google Scholar] [CrossRef] [PubMed]

	



Beutler, E.; Kuhl, W.; West, C. The osmotic fragility of erythrocytes after prolonged liquid storage and after reinfusion. Blood 1982, 59, 1141–1147. [Google Scholar] [CrossRef]

	



Aykut, G.; Yürük, K.; İnce, C. The effect of the transfusion of stored RBCs on intestinal microvascular oxygenation in the rat. Transfusion 2001, 41, 1515–1523. [Google Scholar] [CrossRef]

	



Suzuki, Y.; Tateishi, N.; Soutani, M.; Maeda, N. Flow behavior of erythrocytes in microvessels and glass capillaries: Effects of erythrocyte deformation and erythrocyte aggregation. Int. J. Microcirc. Clin. Exp. 1996, 16, 187–194. [Google Scholar] [CrossRef] [PubMed]

	



Fahraeus, R. The suspension stability of the blood. Physiol. Rev. 1929, 9, 399–431. [Google Scholar] [CrossRef]

	



Fahraeus, R.; Lindvist, T. The viscosity of the blood in narrow capillary tubes. Am. J. Physiol. Leg. Content 1931, 96, 562–568. [Google Scholar] [CrossRef]

	



Högman, C.F.; Löf, H.; Meryman, H.T. Storage of red blood cells with improved maintenance of 2,3-bisphosphoglycerate. Transfusion 2006, 46, 1543–1552. [Google Scholar] [CrossRef]

	



McLellan, S.A.; McClelland, D.B.L.; Walsh, T.S. Anaemia and red blood cell transfusion in the critically ill patient. Blood Rev. 2003, 17, 195–208. [Google Scholar] [CrossRef] [PubMed]

	



Shah, A.; Oczkowski, S.; Aubron, C.; Vlaar, A.P.; Dionne, J.C.; ESICM Transfusion Task Force. Transfusion in critical care: Past, present and future. Transfus. Med. 2020, 30, 418–432. [Google Scholar] [CrossRef]

	



Nielsen, N.D.; Martin-Loeches, I.; Wentowski, C. The Effects of red Blood Cell Transfusion on Tissue Oxygenation and the Microcirculation in the Intensive Care Unit: A Systematic Review. Transfus. Med. Rev. 2017, 31, 205–222. [Google Scholar] [CrossRef]

	



Hébert, P.C.; Van der Linden, P.; Biro, G.; Hu, L.Q. Physiologic aspects of anemia. Crit. Care Clin. 2004, 20, 187–212. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 11 01873 g001 550] 





Figure 1. Jablonski diagram representing the states and transitions of porphyrins and oxygen, with S0, S1, S2, and S3 representing the ground state and three excited states of porphyrin. T1 equals the first excited triplet state of porphyrin, and 1 O2 and 3 O2 represent the excited singlet oxygen state and the triplet ground state of oxygen. I represents absorption, II is fluorescence, III are radiationless transmissions, IV phosphorescence, V energy transfer, VI represents internal conversion, and VII represents intersystem crossing. 
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Figure 2. Clinical COMET system and skin sensor placed on the sternum of a volunteer. On the right side of the screen, mitoPO2 (mmHg), temperature (°C), and signal quality are displayed in numbers. On the left, a graph depicts mitoPO2 (mmHg) on the y-axis and time (min) on the x-axis. 
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Figure 3. Flowcharts of patient enrollment (A) and study protocol (B). FC: fluid challenge, RBCT: red blood cell transfusion. 
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Figure 4. An example of mitochondrial oxygen tension (mitoPO2) measurements as measured using the COMET monitor (interval in min). The red dots represent the values during RBCT, and the blue triangles the values during a subsequent FC. The first five green squares are baseline measurements. 
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Figure 5. The mitochondrial oxygen tension (mitoPO2) in kPa for each group. The boxplot shows the median in the middle with hinges depicting the first and third quartiles (25 and 75% percentiles). Whiskers are the min–max values within 1.5 × interquartile range (IQR). The lines represent one data sequence per patient. # Paired t-test with Bonferroni correction, ** ANOVA repeated measures test, and blue diamond is the mean value. 
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Figure 6. Correlation between mitochondrial oxygen tension (mitoPO2) and baseline hemoglobin level. (A) Linear regression model (blue line) of the relationship between baseline mitoPO2 (dots) and baseline hemoglobin level. (B) Delta mitoPO2 was calculated as the change in mitoPO2 value between baselines and after RBCT or the last part of both the saline infusion and RBCT, depending on the order in which the fluids were administered. The gray area is the standard error around the linear model. 
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Figure 7. Correlation between change in mitochondrial oxygen tension (mitoPO2) red blood cell unit age. Linear regression model (blue line) of the relationship between delta mitoPO2 (dots) and age of the administered erythrocytes. Delta mitoPO2 was calculated as the change in mitoPO2 value between either baseline and after RBCT or the last part of both the FC and RBCT, depending on the order in which the fluids were administered. Gray area is the standard error around the linear model. 
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Figure 8. Change in skin temperature after red blood cell transfusion and fluid challenge. (A) Median skin temperature during the first sequence (RBCT followed by FC). (B) Median skin temperature during the second sequence (FC followed by RBCT). In panels (C,D), the individual start and end temperatures are presented using lines during the first (panel (C)) and second sequence (panel (D)). Within the boxplot, the median is represented in the middle with the hinges depicting the first and third quartiles (25 and 75% percentiles). The whiskers are the min–max values within 1.5 × IQR. 
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Table 1. Patient demographics and diagnoses. Values in mean ± standard deviation (SD).






Table 1. Patient demographics and diagnoses. Values in mean ± standard deviation (SD).









	Demographics
	n = 20





	Gender male (%)
	n = 14 (70%)



	Inpatient (%)
	n = 7 (35%)



	Age (years)
	63 ± 10



	Length (cm)
	176 ± 10



	Weight (kg)
	80 ± 22



	Diagnosis (%)
	



	Myelodysplastic syndrome
	n = 5 (25%)



	 Acute myeloid leukemia
	n = 5 (25%)



	 Acute lymphocytic leukemia
	n = 4 (20%)



	 Primary myelofibrosis
	n = 3 (15%)



	 Mantle cell lymphoma
	n = 1 (5%)



	 Sideroblastic anemia
	n = 1 (5%)



	 Aplastic anemia
	n = 1 (5%)
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Table 2. Values at baseline, end of red blood cell transfusion, and fluid challenge.
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Red Blood Cell Transfusion First

	
Fluid Challenge First




	

	
Baseline

	
RBCT

	
FC

	
p

	
Baseline

	
FC

	
RBCT

	
p






	
Hb (mmol/L) a

	
5.0 ± 0.4

	
-

	
-

	

	
5.0 ± 0.4

	
-

	
-

	
NS




	
RBCT age (days) b

	
-

	
19.1 ± 6.5

	
-

	

	
-

	
-

	
19.7 ± 5.4

	
NS




	
Body temp (°C) c,d

	
36.9

36.7–37.1

	
37.0

36.7–37.5

	
36.8

36.6–37.2

	
NS

	
37.0

36.7–37.2

	
36.8

36.5–37.2

	
36.7

36.7–37.2

	
NS




	
SaPO2 (%) e

	
96.8 ± 1.8

	
97.6 ± 1.6

	
97.9 ± 1.7

	
NS

	
96.6 ± 2.5

	
96.7 ± 2.5

	
97.1 ± 2.5

	
NS




	
Systolic NIBP (kPa) e

	
16.2 ± 2.0

	
17.1 ± 3.3

	
17.1 ± 2.4

	
NS

	
16.2 ± 1.3

	
16.8 ± 1.7

	
17.1 ± 1.3

	
NS




	
Diastolic NIBP (kPa) e

	
8.6 ± 1.1

	
9.6 ± 1.1

	
9.6 ± 1.4

	
NS

	
8.7 ± 1.0

	
8.9 ± 1.1

	
9.5 ± 0.9

	
NS




	
HR (beats/min) d

	
69.5

66.5–88.3

	
64.0

61.8–87.5

	
63.0

62.0–83.5

	
NS

	
71.0

60.0–77.5

	
70.0

61.0–77.5

	
73.0

57.5–75.5

	
NS








FC: fluid challenge, Hb: hemoglobin, HR: heart rate, NS: not significant, NIBP: non-invasive blood pressure, RBCT: red blood cell transfusion, SaPO2: arterial saturation. a sample t-test, not paired. b RBCT → FC n = 13, FC → RBCT n = 12, sample t-test not paired. c body temperature, location tympanic. d Kruskal–Wallis test, paired true. e repeated measures ANOVA.
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