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Background and Objectives During the in vitro storage of red blood cells (RBCs),
unfavourable changes (storage lesions) cause a rapid consumption of intracellular
diphosphoglycerate. The latter deregulates the oxygen-haemoglobin binding
potential, subsequently increasing oxygen saturation (SO2) and membrane degra-
dation, transforming RBCs from biconcave discs to rigid spherical bodies (spher-
oechinocytes). Current laboratory techniques invasively extract RBC samples to
assess the quality of red cell concentrate (RCC) units. Optical technologies could
provide a means of assessing quality non-invasively.

Materials and Methods A photoacoustic (PA) imaging technique was developed
for acquiring the SO2 of blood bags non-invasively. Seven RCC units were moni-
tored every 3–5 days until expiry (6 weeks). Measurements were validated
against a conventional blood gas analyzer (BGA). Using an image flow cytometry
assay, morphological profile trends were compared against the SO2 trends during
blood bag storage.

Results A strong correlation (r2 ≥ 0�95) was found when comparing temporal
data between PA and BGA SO2 measurements. Inter-sample PA variability was
found to be similar to that produced by BGA (–0�8%). A strong correlation was
found to exist between the temporal changes in SO2 and relative spheroechino-
cyte population (0�79 ≤ r2 ≤ 0�97).
Conclusion This study suggests that PA imaging can non-invasively track the
SO2 of stored RBCs non-invasively. By longitudinally monitoring the change in
SO2, it is possible to infer the effects of the storage lesion on RBC morphology.
This non-invasive monitoring technique allows for the assessment of blood bags,
without compromising sterility pre-transfusion.

Key words: oxygen saturation, patient blood management, quality control, quality
management, transfusion medicine.

Introduction

Red blood cells (RBCs) are the most frequently transfused

blood component globally. RBCs are separated from

donated whole blood and suspended in a preservative

solution, forming a red cell concentrate (RCC) that is

stored in hypothermic (1–6°) conditions for a maximum

of six weeks. Adverse changes, also known as “storage

lesions”, occur during RCC storage and result in a reduced

capacity for RBCs to deliver oxygen in vivo [1].

The affinity of haemoglobin (Hb) for diatomic oxy-

gen (O2) within the RBC cytosol is regulated by
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2,3-diphosphoglycerate (2,3-DPG), an organic phosphate

whose cytosol concentration is equimolar to Hb. The

binding of 2,3-DPG to free Hb causes a shift in the disso-

ciation curve of O2 and this results in a net release [2].

During storage, glycolytic mechanisms are activated to

break down intracellular molecules such as 2,3-DPG for

the generation of additional ATP for basic cellular upkeep

[3]. Consequently, a rapid decline in 2,3-DPG concentra-

tion occurs within the first few weeks of storage, disrupt-

ing the regulation of Hb’s affinity for O2. Since RCC unit

bags are permeable to airborne molecules, the abundance

of O2 paired with an unregulated Hb affinity from 2,3-

DPG breakdown causes the RBC oxygen saturation (SO2)

to rise 20–40% during weeks 2–6 of storage [4].

Concurrently, RBCs expel oxidative by-products of cell

metabolism into the surrounding RCC environment,

increasing the probability of free radical species forma-

tion. Radicals tend to oxidize constituents of the RBC

membrane, causing irreparable damage that initiates the

formation of vesicles [1]. Due to significant loss of mem-

brane and cytoskeletal components, damaged RBCs morph

into spherical bodies with smaller dimensions than their

biconcave counterparts. The number density of this RBC

phenotype (known as spheroechinocytes) increases by 20–
30% during 6-weeks of storage [4,5]. The lack of elastic-

ity and deformability that is characteristic of discoid RBCs

correlates with the increase in the relative spheroechino-

cyte population percentage (RSPP) [6–8]. Deleterious

effects on RBCs due to storage lesions have been reported

to correlate with an increase in post-transfusion patient

morbidities [1], especially when assessing vulnerable

patient populations [9]. These findings highlight the clini-

cal need for non-invasive methods of assessing the qual-

ity of transfusable RCC units.

Over the last decade, photoacoustic (PA) technologies

have made significant strides at exploiting the optical

window for non-invasive imaging [10]. PA technologies

excite chromophores with short-pulsed (<10 ns) lasers to

obtain both morphological and functional information

related to the chromophore absorbing the incident light,

the latter achieved by sweeping the wavelength of illumi-

nations [11]. Unlike conventional absorption or reflec-

tance techniques [12], PA imaging detects ultrasonic

waves whose scattering in tissue is typically several

orders of magnitude lower than electromagnetic radiation.

Consequently, PA imaging achieves further (centimetre)

penetration depths in comparison to other optical tech-

niques such as fluorescence or Raman spectroscopy [13].

The work presented in this manuscript is divided into

two sections. The first section details the development of a

novel PA setup for the in situ measurement of SO2 within

RCC units, including a validation study against the gold

standard blood gas analyzer (BGA). The second section

examines the change in SO2 over storage duration and its

relation to changes in storage lesion morphologies. In par-

ticular, SO2 trends during storage are compared against

changes in the RSPP, the latter obtained using image flow

cytometry (IFC) technology [6,14]. The potential clinical

feasibility of the approach is also discussed.

Materials & methods

Estimating SO2 with PA imaging

Photoacoustic imaging was performed with the Vevo

LAZR� US/PA system (FujifilmVisualSonics Inc., Toronto,

ON, Canada). The system is equipped with two PA linear

array probes (256 elements) operating at 21 MHz and

40 MHz centre frequencies. The probes are coupled to a

Nd:YAG laser which operates through an optical parametric

oscillator generating tunable wavelengths between 680–
970 nm at 20 Hz pulse repetition frequency, 6 ns pulse

duration and a pulse energy of approximately 25–30 mJ

[15]. Both PA probes were illuminated at 750 nm and

850 nm to take advantage of the unique spectral signatures

of oxyHb and deoxyHb for SO2 calculations [14,16].

Transportation/sample extraction of RCC units

At Canadian Blood Services (CBS) Network Centre for

Applied Development (netCAD, Vancouver, BC, Canada),

whole blood was collected from healthy blood donors,

with a target collection volume of 480 ml, mixed with

70 ml of citrate-phosphate-dextrose (CPD) anticoagulant

and processed by a red cell filtration method [17]. Units

were processed using the top-and-bottom system in

which WB units were stored for up to 20 h at room tem-

perature and then centrifuged at 3493x gg for 11 min.

RBCs were suspended in a Saline-adenine-glucose-manni-

tol additive solution after component separation, followed

by leukoreduction by filtration.

Seven RCC units were transported in validated blood

shipping containers (1–10°C) from netCAD to the Institute

of Biomedical Engineering, Science and Technology

(iBEST, Toronto, ON, Canada). Our experimental protocols

for RCC use were approved by the research ethics boards

of Ryerson University and the Canadian Blood Services

(netCAD-2013-001).

All RCC units were fitted with a sampling site coupler

(consisting of a natural rubber sleeve stopper) for needle

penetration and sample extraction. Shortly before sample

extraction, RCC units were lightly massaged to homoge-

nize the RCC within the units. An 18-gauge needle was

attached to a safePICO syringe (Radiometer, Copenhagen,

Denmark) and inserted into the sampling site coupler.

From every unit, 1 ml of sample was initially extracted
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and discarded to remove any residual RCC from previous

extractions. Subsequently, three 1�5 ml samples were col-

lected into three syringes. Immediately after extraction,

each syringe was fitted with a safeTIPCAP (Radiometer,

Copenhagen, Denmark) to minimize exposure to air. RCC

units and samples were promptly returned to refrigerated

storage after the sample extraction procedure. PA mea-

surements, sample extractions and BGA/IFC measure-

ments were repeated in succession every 3-5 days until

42 days post-collection.

Photoacoustic measurements of RCC units

Blood bag container
A custom-built blood bag container [14,16] was designed

in-house to measure the RCC units using water as a cou-

pling medium for the detection of PA waves. To minimize

prolonged exposure of RCC units to non-refrigerated tem-

peratures, the container was filled with cold deionized

water. Fig. 1 outlines the procedure behind suspending

RCC units in the blood bag container for PA measure-

ments.

Photoacoustic measurement of SO2

Photoacoustic measurements were acquired with the

21 MHz and 40 MHz PA probes. Real-time B-mode ultra-

sound (US) images were used to measure the height of the

probe above the RCC unit, such that the optical focal zone

(11 mm) was positioned below the plastic bag cover. Fur-

thermore, the co-registered US images were used to locate

and avoid any air bubbles trapped within the illumination

region during PA image acquisition. Using the Oxy-Hemo

built-in software mode, alternating pulses of 750 and

850 nm wavelengths were emitted, generating PA signals

that were collected and processed to display an SO2 map.

After capturing 10 image frames per measurement, a

region of interest (ROI) was manually traced over the cen-

tral homogenous part of the SO2 map to produce an

average SO2 for each frame. The procedure was repeated

for two other independent regions of the RCC unit.

Experimental protocols for BGA SO2 and IFC RBC
morphology measurements

For each RCC unit, three safePICO syringes containing

1�5 ml aliquots of RCC were placed in the ABL800 FLEX�

BGA system (Radiometer, Copenhagen, Denmark) for SO2

measurements. The BGA automatically aspirated 295 µl
of RCC and spectrophotometrically determined SO2. For

each RCC unit, the SO2 was calculated from the mean

average of the three samples. After BGA measurements,

the syringes were immediately stored in refrigeration until

sampled for IFC measurements.

Image flow cytometry is a high-throughput technology

that can capture brightfield images of single cells in flow

[18,19]. Recently, the potential of characterizing RBC

morphology with the Amnis� ImageStreamX� MarkII IFC

system (MilliporeSigma, Seattle, WA, USA) and its soft-

ware analysis package IDEAS� has been reported [6,7].

For each RCC unit sample, an aliquot of 5 µl was diluted

in 200 µl of PBS, after which the solution was placed into

the ImageStreamX� for automated aspiration and image

acquisition. Brightfield images (100 000) were captured

under 609 image magnification. Each raw data file was

opened on the IDEAS� and was processed with the RBC

morphology image segmentation template, yielding the

sample’s RSPP [6,14]. For each RCC unit, the RSPP was

calculated by averaging the three samples.

Results

Comparison of invasive and non-invasive SO2

measurements

The SO2 values generated from BGA measurements of

extracted samples of seven RCC units are plotted, as a

Fig. 1 Preparation of RCC units for measurements with the in situ PA technique: (a) hanging an RCC unit upside-down to isolate air pockets; (b) folding the

coupler and tubing; (c) gradual submersion of the RCC unit into the blood bag container (pre-filled with cold deionized water) and; (d) insertion of the plexi-

glass lid on top of the RCC unit for stability; lid contains a central elliptic hole for scanning access. [Colour figure can be viewed at wileyonlinelibrary.com]
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function of storage day, along with SO2 acquired from

in situ PA imaging of the RCC units (Fig. 2). Fig. 3 quanti-

fies the differences in SO2 measured by BGA and each PA

probe using Bland–Altman (BA) analysis. The linear

correlation coefficient comparing the BGA and PA mea-

surements for all RCC units was r2 ≥ 0�95. The standard

deviation, calculated by scanning three independent sec-

tions of the RCC units (across the storage life span), was on

Fig. 2 Time-series plot of mean in situ PA SO2 values, acquired from the 21 MHz (red) and 40 MHz (blue) probes, vs. mean BGA SO2 values (green). Bars

display the standard deviation obtained from measurements of three ROIs and syringe samples, respectively. Data were truncated in units 3, 6 & 7 due

to suspected blood bag contamination (refer to Section 4.2 and Fig. 7). [Colour figure can be viewed at wileyonlinelibrary.com]
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average 0�84% and 0�77% for the 21 MHz and 40 MHz PA

probes respectively. The average standard deviation of the

BGA measurements was 0�57%.

No appreciable differences were found in the SO2 mea-

surements acquired by the two PA probes (Fig. 3c), how-

ever, a bias was observed between the SO2 measurements

of PA and the BGA. With respect to BGA measurements,

the 21 MHz (Fig. 3a) and 40 MHz (Fig. 3b) PA SO2 were

4�1% and 4�2% lower, respectively.

Fig. 4 plots PA measurements of three RCC units of

varying SO2, (square-enclosed, Fig. 4) and of syringes

containing aspirated samples (triangle-enclosed, Fig. 4).

In comparison to the PA-BGA identity line (black-dashed,

Fig. 4) the PA syringe SO2 values differed by 0�3–2�3%,

while the PA RCC unit measurements differed by 3�3–
8�4%.

SO2 correlation with RBC morphology

Fig. 5 shows a scatter plot of each measured BGA SO2

and its associated IFC RSPP value for all seven RCC units

and for all time-points measured. There are no obvious

Fig. 3 BA plots of (a) 21 MHz PA vs. BGA; (b) 40 MHz PA vs. BGA and (c) 21 MHz PA vs. 40 MHz PA. Included are all time-points (black dots) measured

for all RCC units over their storage. The mean average difference between the respective SO2 measurements (blue-dashed line, closest integer boxed in

red) and the 95% confidence intervals (black-dashed lines) overlay the data. [Colour figure can be viewed at wileyonlinelibrary.com]

Fig. 4 Three RCC units of varying oxygenation measured by the (a) 21 MHz and (b) 40 MHz PA probes: (square) SO2 measured by the in situ PA tech-

nique of RCC units vs. BGA; (triangle) SO2 measured by the in situ PA technique, modified to measure the BGA syringes. The dashed line represents the

PA-BGA identity line. Vertical (PA) and horizontal (BGA) standard deviation bars represent the variation in measurements of 3 ROIs/ syringes, respectively.

(c) Inset image displays setup for PA measurements of syringes. [Colour figure can be viewed at wileyonlinelibrary.com]
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discernable features linking the two parameters. Fig. 6

plots temporal changes (with respect to the first measure-

ment) of SO2 trends (acquired from PA) and RSPP trends

(acquired from IFC). BGA SO2 changes (green lines) are

superimposed to provide a reference of comparison. The

temporal changes between PA SO2 (blue & red lines) and

RSPP (black lines) did exhibit noticeable overlap and pro-

duced a correlation coefficient between 0�79 ≤ r2 ≤ 0�97,
with the exception of RCC unit 7.

Discussion

Assessment of in situin situ PA technique

Overall, the data indicate that no further processing of

the PA signal is required when imaging RCC units using

the presented in situ technique, an important factor for

the potential translation of this technique to blood banks/

hospitals. In comparison to BGA SO2 (green lines, Fig. 2),

the PA SO2 data (blue/red lines, Fig. 2) were consistently

lower (~4%, Fig. 3) for all RCC units. We hypothesized

that the disparity in SO2 could be attributed to external

oxygenation of samples during extraction for BGA mea-

surements. The presented in situ PA SO2 technique was

modified to acquire SO2 from RCC in safePICO syringes

used for BGA measurements (inset, Fig. 4c). The results

show that BGA SO2 has a better agreement with PA syr-

inge SO2 measurements (triangle, Fig. 4) compared to

in situ PA measurements (square, Fig. 4). Furthermore,

the agreement between PA syringe and BGA SO2 values

was observed with both PA probes (left/right, Fig. 4).

Overall, the data suggest that the SO2 of RCC within

units, which can only be measured by non-invasive

in situ techniques, may yield lower values than conven-

tional, invasive measurements. Since transfusions directly

inject RCC units into the patient, the non-invasive PA

technique may yield more accurate data on the state of

the RBCs being transfused.

A positive correlation was observed between the tem-

poral change in PA SO2 and IFC RSPP (0�79 ≤ r2 ≤ 0�97),
however, RCC unit 7 (Fig. 6g) was an exception to this

trend (0�57 ≤ r2 ≤ 0�60). Its weak correlation can be

attributed to a high initial SO2 (84%, Fig. 2g) which lim-

ited the range available for SO2 increase. The positive

correlation between SO2 and RSPP in stored RCC units is

a consequence of changes in ATP/2,3-DPG and RBC

membrane integrity. The novelty behind the findings pre-

sented in Fig. 6 is the quantitative overlap. To the best of

our knowledge, this work has shown for the first time

that a similar time-dependent percent increase is observed

between the two RBC storage lesion parameters. The

results suggest that, by tracking SO2 changes during stor-

age, an inference could potentially be made on RBC mor-

phological distribution.

Using BGA technology, groups have reported a wide

variation in initial (within week 1) RCC unit SO2 values

[20], including relatively low SO2 values during the first

week of storage [4,20]. Considering the strong level of

agreement observed between the SO2 trends of our PA

technique and the BGA method (Fig. 2), it would be rea-

sonable to assume similar agreement for ranges of SO2

that are lower than what was measured in this study.

Although not uncommon [21], the RCC unit sample

size for this study (n = 7) was lower in comparison to

other SO2 monitoring studies [4,20,22,23]. However, there

a couple of key points that provide confidence in the

results reported in this study. Firstly, the performance of

our PA technique was successfully validated against the

conventional standard of SO2 measurements (Figs. 3 and

4). Secondly, the IFC RBC characterization technique used

Fig. 5 The average BGA SO2 is plotted against the corresponding IFC RSPP for each measurement time-point of RCC units 1–7.
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to generate the RSPP is quite robust, as demonstrated in a

recent validation study against the gold standard light

microscopy technique [6]; (Pinto et. al., Cytometry A.,

2019, In Press). Additionally, the IFC approach was

recently used to develop a minimally supervised deep-

learning technique to classify the morphology of RBC

storage lesions [24]. In general, it would be prudent to

conduct a larger RCC unit study to validate the findings

presented in this paper by producing stronger statistical

evidence for the overlap in changes of SO2 and RSPP

during RCC storage.

Contaminated RCC units

Three of the seven RCC units used in this study incurred

abrupt declines in SO2 over successive measurements at

the tail-end (after day 30) of their storage life span

(Fig. 7a). The observed decline in SO2, as well as rapid dis-

coloration of the RCC units, are considered to be indica-

tions of bacterial contamination [25]. Increased metabolic

activity of growing bacteria within contaminated units

leads to a rapid consumption of available O2, causing

declines in pO2 and SO2 [26] while transiently increasing

Fig. 6 Plots of PA SO2 changes for 21 MHz (red) and 40 MHz (blue) transducers, vs. IFC RSPP changes (black), for all seven RCC units (a-g). Changes

were measured with respect to the initial value, captured day nine post-donation. BGA SO2 changes (green) are superimposed for comparison. Standard

deviations of values were obtained from three ROIs/samples. r2 represents the linear correlation coefficient. Data were truncated in units 3, 6 & 7 due to

suspected blood bag contamination (refer to Section 4.2 and Fig. 7). [Colour figure can be viewed at wileyonlinelibrary.com]
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pCO2 [27]. Furthermore, increased metabolic activity is sus-

tained by an increased consumption of available glucose

[26]. pO2 (Fig. 7b), pCO2 (Fig. 7c) and glucose concentra-

tion (Fig. 7d) were retrospectively analysed from ancillary

BGA data from all seven RCC units. The markers follow

trends characteristic of RBC storage lesions [4] until day

28 for unit 3 and day 36 for units 6 and 7 (Fig. 7), where

the trends of the subgroup deviate towards observations

consistent with bacterial contamination of RCC units

[26,27]. The BGA parameters are measured with ampero-

metric and potentiometric electrode channels that are inde-

pendent of the spectrophotometric system measuring SO2.

We speculate that the rubber stopper of the coupler

rendered the RCC units susceptible to water contamina-

tion, encouraging bacterial growth. To alleviate this issue

in future measurements, the coupler should be fitted with

a protective seal, provided that RCC samples are neces-

sary. Overall, the auxiliary BGA data support the idea

that the affected RCC units were subjected to bacterial

contamination; hence, the SO2 declines associated with

these units were excluded from plots and analysis (Fig-

ures 2, 3, 5 and 6).

Practical applications

The primary intention behind transfusing RBCs into a

recipient is to augment the body’s oxygen perfusion

capacity. However, storage lesion characteristics such as

the rapid loss of 2,3-DPG and the morphological shift of

RBCs towards spheroechinocytes can lead to inefficien-

cies in the oxygen-delivery capability of RBCs post-

transfusion [1]. To examine the RBC morphology distri-

bution and intracellular state of an RCC unit stored for

transfusion, current assays require the use of sterile con-

nectors and sampling bags to extract samples that are

sent to laboratories for processing. A non-invasive qual-

ity assurance technique could allow clinicians to receive

RCC unit metrics on-site, saving time and resources

while preserving unit volume. Furthermore, such tech-

nology could provide clinicians the opportunity to select

RCC units that are found to be less affected by RBC

storage lesions for transfusing compromised patient

populations.

However, in order to translate the PA technique into

a clinical environment, several logistical hurdles would

need to be overcome, such as streamlining the protocol

for PA imaging in a water bath (Fig. 1). Alternatively,

PA imaging could potentially be performed by smearing

a layer of sterile ultrasound coupling gel on RCC units.

It could be possible to perform this procedure relatively

quickly, while maintaining unit temperature. This tech-

nique could avoid the time associated with the experi-

mental setup and the susceptibility to water-based

contamination. Furthermore, with ultrasonic coupling

Fig. 7 (a) BGA SO2 plot containing data from units 3, 6 and 7 that were excluded from previous figures (Figs. 2, 3, 5, 6) due to suspicion of bacterial contam-

ination; Time-series trend of partial pressures of (b) O2, (c) CO2 and (d) glucose concentration. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2019 International Society of Blood Transfusion
Vox Sanguinis (2019) 114, 701–710

708 R. N. PINTO et al.



gels being widely available in clinics, this methodology

may integrate more easily into health care, blood bank

and research facilities. Future work will investigate the

performance of the approach via a method comparison

study.

Novel optical approaches such as the spatially offset

Raman spectroscopy [21,22] and the diffuse reflectance

spectroscopy [23] technique have shown potential for

non-invasive acquisition of RCC parameters during stor-

age. PA imaging is a promising modality which has

shown potential to obtain functional (oxygenation) [10]

and morphological (shape/size) information of biological

absorbers [11]. Hand-held PA imaging probes like the

ones used in this study are becoming commercially

available and allow for imaging versatility in clinical

and laboratory environments. As such, there is consider-

able potential for the use of PA imaging in monitoring

the quality of RCC units in a clinical/blood bank setting.

As demonstrated here, non-invasive oxygenation mea-

surements prior to unit transfusion can potentially be

used as a surrogate marker of blood storage quality.

Being able to assess quantity and quality of storage

lesions in an inexpensive and reliable manner can assist

healthcare practitioners in reducing transfusion-related

morbidities.

Conclusions

We have introduced a novel technique using PA imaging

to monitor the quality of stored RBCs by measuring SO2

and using the temporal changes to infer approximate

changes in the distribution of storage lesion morpholo-

gies. Results show that the temporal increase in in situ

PA SO2 measurements of 7 RCC units correlated well with

the increase in IFC-acquired RSPP (0�79 ≤ r2 ≤ 0�97). SO2

acquired by our PA technique was assessed against the

invasive gold standard BGA technique, producing a corre-

lation of r2 ≥ 0�95 and exhibiting similar inter-sample

variability (–0�8%). There were no significant differences

observed in the SO2 measured by the 21 MHz and

40 MHz PA probes.

The data presented in this paper suggests that PA tech-

nology can accurately acquire the SO2 of an RCC unit

non-invasively and monitor the quality of RCC units by

inferring morphological profile changes of RBCs through

temporal changes in SO2. Larger RCC unit studies are

required to verify these findings. If validated, blood banks

and transfusion clinical settings could monitor RCC units

over the course of the storage period and up to moments

prior to transfusion without compromising sterility.
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