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Abstract

:

Embryo transfer (ET) and in vitro fertilization (IVF) are increasing in use by dairy producers as a means to breed their animals as these assisted reproductive techniques can optimize the genetics of the dairy breed or enable “beef on dairy” programs to increase the profitability of the dairy. Due to the advantages of ET and IVF, it is anticipated that their use will continue to increase despite the status of underwhelmingly low pregnancy outcomes. Pregnancy rates of bovine ET/IVF remain below 56%, with many dairy producers implementing beef on dairy programs reporting pregnancy to be lower than 23%. The inability to objectively evaluate embryo health prior to transfer into a recipient is a contributing factor to this problem as 20% of transferred embryos are inviable at the time of transfer and have little chance of establishing a pregnancy. The objective of this research was to evaluate bovine embryo real-time morphokinetic activity based on 30 s video recordings of day 7.5 morulas and correlate morphokinetic activity to developmental outcomes. Eighty-eight embryos were recorded in standard embryo culture conditions with an SMZ-1000 Stereo zoom microscope and TE-300 Nikon inverted microscope. The difference in the embryo’s morphokinetic activity was measured frame-by-frame and correlated to embryo hatching outcomes. It was found that embryos with lower morphokinetic activity demonstrated higher hatching rates and developmental outcomes, suggesting measurement of embryo morphokinetic activity is a noninvasive and non-subjective method to evaluate embryo competency prior to transfer and can be used to improve the reproductive efficiency and profitability of IVF/ET of dairy cattle.
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1. Introduction


In 2050, the global population is expected to reach 9.5 billion people and it is projected that the demand for animal-derived protein will double, resulting in concerns for sustainability and food security [1]. Current agricultural practices are already placing tremendous pressure on Earth’s finite resources. Well-managed cattle production can be advantageous to meeting food security and environmental goals, as beef and dairy products provide nutrient-rich, high-quality protein, and cattle are robust animals, which can adapt to climate change, graze on pastureland generally unsuitable for crop production due to climate, soil and topographic limitations, produce fertilizer, and convert forage into high-quality protein [2]. Historically, the genetic selection of dairy cattle has yielded tremendous benefits regarding the state of food security, environmental sustainability, and economic growth. For example, the economic return from increased milk yield has been the main pillar for continuing the genetic selection for milk yield while also being a key solution to addressing global challenges of ensuring food security and reducing greenhouse gas emissions, as the dilution of maintenance results in both better feed efficiency and reduced methane emissions per kg of milk produced [3,4]. Others have selected to breed animals with genetics that are more adapted to less intensive and suboptimal management practices and harsher environmental conditions such as high temperature and relative humidity, endo- and ectoparasites, higher altitudes, or lower-quality feed, have greater fertility and longevity, and have lower incidences of metabolic diseases, hoof health issues, and reproductive disorders [4,5,6,7,8,9,10,11]. Continued use of genetic selection in the future is expected to continue to select animals that have a better life (in terms of positive welfare, health, and longevity) and are part of an environmentally and economically sustainable production program that can be implemented in both precision farming and low-input farming systems [4].



Embryo transfer (ET) and in vitro fertilization (IVF) can maximize the impact of genetic selection because these breeding methods enable superior animals to have more genetic offspring in a single year than can be achieved in nature. ET and IVF reduce the generation interval required to generate genetic progression to quickly obtain demonstrable advantages of genetic selection. Since ET in cattle was developed for routine use in the 1970s, milk production has more than doubled [12]. ET was initially an experimental procedure but is now a routine breeding strategy in livestock operations as over 2.5 million cattle embryos are transferred in the United States each year [13].



Despite the advantages of ET and IVF, the live birth rate of these methods is typically less than 56% [14]. A contributing factor to this problem is the veterinarian’s or livestock embryologist’s inability to objectively evaluate embryo health prior to transfer, making it common practice to unknowingly transfer low-quality or inviable embryos into recipients. Methods to accurately identify inviable embryos prior to transfer and objectively evaluate embryo health prior to transfer into the recipient are necessary to fulfill the potential of ET and IVF as economically efficient breeding strategies in dairy cattle.



The success of ET or IVF to produce a live calf is dependent on the technician’s ability to select a healthy embryo for transfer into a recipient heifer or cow. This is typically performed with a stereomicroscope at 50× to 100× magnification, with the embryo in a small holding dish [15]. The technician will then evaluate the embryo based on both Embryo Developmental Stage and Quality Grade. A standardized coding system for use in describing the stage of development and quality of the embryo is described in the International Embryo Transfer Society (IETS) manual [15]. While this method has been used for over forty years and remains the most prevalent methods to evaluate embryo health today, it is well understood that the decision as to whether an embryo is worthy of transfer or freezing will rely on the expertise and experience of the person that evaluates the embryos and embryo selection based on a discrete routine assessment of the embryo’s morphology is not always associated with a higher implantation or pregnancy rate [15,16,17]. Novel methods which are objective and can compute information beyond what can be gathered from the morphological analysis can reduce human error and detect signs of embryo life that are not humanly perceptible.



Embryo morphokinetics, or time-specific morphological changes during embryo development providing dynamic information on a fertilized egg, have been well studied in recent years with the use of time-lapse imaging systems which enable undisturbed monitoring of embryos throughout the entire culture period to provide insight into parameters regarding embryo cell dynamics [18]. These time-lapse imaging studies have monitored embryos from fertilization to blastocyst stage and repeatedly shown that cleavage patterns, as well as other morphokinetic phenomena such as developmental arrest, direct cleavage, disordered division, internalization of fragments, and cytoplasmic movement, can indicate an embryos developmental capacity, implantation rate, clinical pregnancy rate, and live birth rate [9,19,20,21,22,23,24,25,26,27,28,29]. In recent years, methods to automate the time-lapse imaging systems through machine learning have been developed to automate tracking of cellular division and auto-classify embryo scoring, which has produced results superior to conventional scoring using morphology [18,30,31,32]. These results provide strong evidence that embryo morphokinetic activity is a key indicator of embryo developmental potential and can be used to objectively evaluate embryo health. Unfortunately, the use of time-lapse imaging systems is often not practical or feasible for use on livestock embryos. Time-lapse imaging systems require several days of undisturbed monitoring of embryos, which inherently excludes in vivo-derived embryos from their scope of use. Additionally, time-lapse imaging systems are expensive which has stifled their adoption by the livestock industry. Practical methods to observe and assess embryo morphokinetic events are needed for the analysis of morphokinetic activity to add value to bovine ET and IVF breeding systems.



Previous data from these researchers have demonstrated that bovine pre-implantation embryos demonstrate morphokinetic activity which can be observed and measured acutely [33]. In these studies, 35 s videos of embryos in culture were recorded and amplified with a video motion magnification filter to make embedded microscopic motion visually perceptible [33]. Measurements of the embryo’s diameter, perivitelline space, and area were recorded at 5 s time intervals and correlated to pregnancy outcomes, demonstrating embryos with average subzonal changes outside of one standard deviation of the mean were less likely to establish pregnancies than embryos with subzonal changes within one standard deviation of the mean, and embryos with less subzonal activity established more pregnancies than embryos with high subzonal activity [33]. These studies demonstrated that embryos display morphokinetic activity in short observatory periods and analysis of the activity can be indicative of the embryo’s ability to implant. These studies present the idea suggesting assessment of morphokinetic activity is likely a reflection of the embryo’s metabolic activity and can serve as an important indicator of embryo viability [33]. Therefore, the objectives of this study aimed to assess real-time bovine embryo morphokinetic activity and correlate outcomes to embryo development and viability.




2. Materials and Methods


2.1. Laboratory Study to Collect Video Data of Bovine Embryos


A total of 380 bovine embryos (n = 380) were produced from the post-mortem harvest of oocytes, a process in which oocytes are aspirated from the ovaries of slaughtered cattle (Simplot Animal Science; Kuna, ID, USA). Oocytes were fertilized in vitro at Texas A&M Reproductive Service Complex and cultured under standard conditions for a total of eight days (Figure 1). Eighty-eight embryos (n = 88) developed into grade 1 or grade 2 morulas or early blastocysts by day six and met the inclusion criteria of this study. On day 7.5 of culture, developed morulas and early blastocysts were graded according to International Embryo Transfer Society (IETS) standards, which classifies embryos based on a number code system for their stage of development (1 to 9) and for their quality (1 to 4) (Figure 1) [15]. Only embryos receiving a quality grade 1 or 2 according to IETS standards were included in this study, as these embryos are considered “excellent” or “good” according to IETS standards and would be eligible for transfer in a field production environment.



Then, 30s videos of embryos in groups of up to five embryos per group were recorded with a Nikon camera mounted into a trinocular port on an SMZ-1000 Stereo Zoom Microscope (Figure 1). After collecting video data with the SMZ-1000 Stereo Zoom Microscope, embryos were immediately placed into individual chambers in a Well of the Well culture dish (Figure 1) (VitaVitro; Shenzhen, China). Additionally, 30 s videos of individual embryos were recorded at 400x magnification with a TE-300 Nikon inverted microscope. After video recording, embryos were returned to standard culture conditions for 24–48 h (Figure 1).



Embryos were reassessed for development at 24 h and 48 h post video collection on the eighth and ninth day of culture and were assigned a stage and quality grade according to IETS standards at each assessment checkpoint. Embryos that received a stage grade of 8 or 9, which demonstrated normal, progressive development by hatching from the zona pellucida were recorded as “viable” (Figure 1). By hatching from the zona pellucida, they showed evidence of advanced development that an incompetent embryo could not accomplish. Embryos that did not advance into the later developmental stages (stage grade 7 or below) on day eight or nine or showed visual evidence of degradation were recorded as “inviable”. These embryos did not demonstrate the advanced development required to indicate competence. All embryos were discarded at the end of the study.




2.2. Graphic Imaging Techniques to Evaluate Videos of Bovine Embryos


To extrapolate meaningful data from the videos, various graphic imaging techniques were applied. These techniques include object recognition, image subtraction, and contrast boosting. Object recognition is a computer vision technique for identifying objects in images or videos. This allows the computer to recognize and detect individual embryos apart from the background and from each other. Image subtraction is a process in which the digital numeric value of each pixel is subtracted from the value of the corresponding pixel in the previous frame. The output is the absolute difference between pixel values. This technique allows the objective measurement of the morphokinetics of the embryo over time because we can quantify the pixel change.



Each video was recorded at 15 frames per second. Therefore, each 30 s video comprised 450 frames (15 fps × 30 s = 450 total frames). Image subtraction was applied between each frame, creating 449 assessment points per video. Each subtracted frame generated output of the absolute difference between pixel values. Pixels that were different between consecutive frames appeared as white pixels on the screen. For each image subtracted frame, the number of white pixels (change) present in each embryo was counted. This count provided the basis for the objective analysis, as well as evidenced real-time morphokinetic changes within the embryo proper.




2.3. Implementation of Quality Control Methods and Evaluation of Noise


To understand if the captured motion derives from embryonic physiological processes or environmental noise, a series of experiments were performed to compare a motion analysis on regions of interest with live matter and a motion analysis on regions of interest without live matter. In these experiments, 400 × 400-pixel boxes in the four corners of the video, external to the embryo proper were assessed (Figure 2). A fifth 400 × 400-pixel box, including the region of the embryo proper, was also assessed (Figure 2). Comparisons of the count of pixel change over time were compared.




2.4. Identification of Metrics Correlating to Embryo Viability


To determine if video data can capture morphokinetic activity which correlates to embryo viability and development, comparisons were made between the embryos which demonstrated viability by hatching from the zona pellucida (“viable”) on the eighth and ninth day of culture and the embryos which failed to demonstrate viability by stalling in development or showing signs of degradation and decay at the time of assessment (“inviable”). Image recognition and image subtraction was applied to each video recording of embryos. The pixel change was counted between each video frame for each embryo for the entire duration of the video.



As each frame presents an opportunity for a morphokinetic event to occur, it is important to notice that some frames will display more morphokinetic activity (or change) than other frames. Therefore, it is important to study the amount and variability of the change for the duration of the video and not simply just the total count of embryo video pixel change over time. Some embryos displayed a sudden burst of change and then returned to a quiescent state, others displayed a consistent, steady, and rhythmic change throughout the duration of the video, and others displayed very little, flatline, change for the total duration of the video.



To address the variability of the pixel change and express the variability in a single calculation, the frame-by-frame standard deviation of the change of the action for areas housing the embryo proper was plotted for each embryo and compared to the four corner regions of interest which did not contain the embryo proper. In this analysis, the four corner regions of interest served as a means of quality control, as they did not contain live matter and theoretically should not possess any type of activity. Any change within these regions would suggest an external factor was causing motion (i.e., airflow, vibrations, unlevel surface, physical disturbances), inducing pixel changes in the embryos which were not derived from physiological or biological factors. Image subtracted frames showing mean activity above 1 in the four corner regions of interest were omitted from the study.



The cumulative value of the frame-by-frame standard deviation at the end of each video was compared between the viable embryos and the inviable embryos.





3. Statistical Analysis


All data were analyzed using R. The basic analysis was an unpaired Student’s t-test using a p-value of 0.05 for significance.




4. Results


Both the SMZ-1000 stereo zoom scope 90× and TE-300 Nikon inverted microscope 400× produced high-resolution images sufficient to capture real-time embryo morphokinetic activity (Figure 3).



The high magnification and high-resolution images of the TE-300 Nikon inverted microscope capture more data, as each embryo includes more pixels conveying digital information. However, the videos capturing groups of embryos on the SMZ-1000 stereo zoom scope are more practical for use in the dairy industry.



To determine if 30 s videos can capture embryo morphokinetic activity, graphic imaging techniques including background subtraction and contrasting boosting were used to track and quantify frame-by-frame pixel changes (Figure 4 and Figure 5).



When these techniques were applied to videos of bovine embryos, the embryos’ real-time change can be quantified and perceived visually (Figure 6). The image subtraction emphasizes any frame-by-frame differences. Black pixels represent there was no change in the subsequent frames, whereas white pixel denotes a change in the subsequent frames. The number of white pixels is counted in each subtracted frame to measure and quantify embryo change, but in a visual examination of these videos, slight morphological changes in the embryo proper are apparent. Close evaluation indicates embryos are not identical in each frame, indicating morphological and morphokinetic changes occur, even in short observatory periods (Figure 6).



When the 400 × 400-pixel region containing live matter within the embryo proper was compared to the four 400 × 400-pixel regions external to the embryo, it was found that mean changes in the region of interest containing the embryo proper were significantly higher compared to mean changes in the region of interest of each corner region (Figure 7). Additionally, the region of interest containing the embryo proper demonstrated variable and inconsistent mean changes throughout the duration of the video, whereas each of the four corner regions external to the embryo proper demonstrated consistent and invariable mean changes (Figure 7).



For all 88 embryos, the mean pixel changes of the action area containing the embryo proper were significantly higher for the region of interest containing the embryo proper than the four regions of interest which were external to the embryo (p < 0.001) (Figure 8).



Of the 88 recorded embryos, 32 embryos demonstrated viability and normal development by hatching out of the zona pellucida on day 8. Fifty-six embryos did not demonstrate viability by hatching from the zona pellucida. Embryos that hatched had a lower normalized activity and lower range in normalized activity (p < 0.05) (Figure 9). Normalized activity = standard deviation/mean.




5. Discussion


Previous studies from these researchers analyzed individual embryo morphokinetic changes (measures of the embryo’s diameter at 5 s time intervals) recorded together in a single video [33]. In this study, the embryo diameter demonstrated a low correlation in relation to the diameter changes of the other embryos, suggesting embryos in a single video file demonstrated unique, individual growth patterns [33]. It was hypothesized that if the morphokinetic changes were a result of external factors, all embryos would respond uniformly, and display a high correlation in relation to each other. Despite the promise of this preliminary data, it was important to use image subtraction and calculate pixel change frame-by-frame on regions of interest containing the embryo as well as evaluate regions of the video background, external to the embryo. Understanding that the background of the video captures video data of fluid media, which can react to physical disturbances but does not contain any live matter, can provide an excellent means of quality control to ensure morphokinetic activity observed in analyzed regions of the video containing an embryo (live matter) is embryo-derived activity.



Analysis of 30 s videos of bovine embryos in culture demonstrated that embryo morphokinetic activity is present in short videos captured with standard microscopy and camera equipment (Figure 3 and Figure 6). When regions of the video containing the embryo proper were compared to regions of the video external to the embryo proper, significant differences in the pixels’ change over time were observed between the region containing the embryo proper and external regions. While each embryo demonstrated unique frequencies and magnitudes of pixel changes, these data suggest that detectable changes in the pixels are derived from physiological causes in the embryo, rather than environmental noise and disturbances such as light disturbances, external sound vibrations, or airflow and therefore, calculating the pixel changes from image subtracted videos of an embryo can be used to quantify real-time embryo morphokinetic activity in short observatory periods.



While this study demonstrates that embryo real-time morphokinetic activity is present in the video data, the cause of the embryo’s morphokinetic activity is not fully elucidated. The authors hypothesize that observed morphokinetic activity can be a result of mitotic activity such as cellular division or chromosomal separation, metabolic or metabolomic activity, cellular differentiation, cellular migration, apoptotic activity, cellular extrusion, adaptive behaviors as the embryo responds to its environment and external factors or cellular death [33] Observance of these morphokinetic changes through time-lapse imaging systems allowing continuous culture over a span of several days is well understood and enables researchers to screen embryos for altered morphokinetics, abnormal embryo cleavage, or multinucleation and has that demonstrated morphokinetic events are related to blastocyst formation, embryo implantation, and live birth [20,21,22,25,28,29,34,35,36,37,38,39,40,41,42,43,44,45,46,47]. These time-lapse imaging studies provide a foundation for understanding the role embryo morphokinetic activity plays as a key indicator to predict embryo viability and developmental potential. While time-lapse imaging systems require several days of monitoring embryos in a controlled system to create developmental outcome predictions which is very different than the 30 s observation period described in this research, time-lapse imaging systems have provided proof-of-concept that embryonic morphokinetic events can be captured with camera equipment, making it reasonable to believe that real-time assessments can also capture important embryo morphokinetic events which can convey important information pertaining to an embryo’s viability and health status. Therefore, new systems which are less expensive and require less time to monitor embryos for key morphokinetic events could equip dairy embryo transfer practitioners and livestock embryologists with the objective information to make data-driven embryo transfer and breeding decisions.



When image subtraction and contrast boosting techniques were applied to 30 s videos of bovine embryos, visible changes in the embryo’s morphology were apparent (Figure 6). These changes were represented by white pixels denoting that the pixel in the frame was different than the pixel in the previous frame. Black pixels represent no change. When observing the captured images of the image-subtracted frames, one can visibly see slight changes in the contours of the embryos. However, even in the image subtraction images, differences between viable and inviable embryos are not visually obvious. Therefore, computer systems to count each pixel change is necessary to extract meaningful data.



By definition, a pixel is the basic unit of programmable color on a computer image and is the smallest unit of measurement on a computer screen (each individual dot is a pixel). The density of pixels is resolution. The number of pixels present frame-by-frame is constant. However, counting the number of pixels that change, confined within the bounds of the embryo proper, can allow us to objectively quantify embryo morphokinetic activity. Comparing the changed pixels of the viable and inviable embryos can allow us to apply mathematical calculations which are associated with either viable or inviable embryos. In the study comparing the pixel change in the region of interest containing embryos that demonstrated viability by hatching and the embryos which were considered inviable because they did not hatch, it was found viable embryos have significantly lower mean normalized activity and lower range of normalized activity, as denoted by pixel change, over the course of the 30 s video than embryos which are inviable (p < 0.05) (Figure 9). This means viable embryos display less pixel change throughout the duration of the 30 s videos, and for what change the viable embryos do display, frame-by-frame changes are modest. When plotting the frame-by-frame standard deviation of embryos, viable embryos were characterized by consistent, steady, and rhythmic changes whereas inviable embryos were characterized by sudden and abrupt changes in the pattern of the frame-by-frame standard deviation with higher amplitude and larger ranges in standard deviation. While the data showcasing each individual embryo’s standard deviation over time are not shown, the overall cohort of viable embryos shows a lower range in pixel change than the overall cohort of inviable embryos for all 88 embryos included in this study (Figure 9). These characteristics suggest viable embryos demonstrate conservative and consistent morphokinetic activity whereas inviable embryos portray more variable, inconsistent patterns of morphokinetic activity.



Interestingly, these data resemble studies by Leese et al. suggesting the most viable embryos exhibit a quieter metabolism because they are required to expend less energy rectifying damage to the genome, transcriptome, and proteome, less energy sodium pumping, and are less susceptible to burn out due to failure to sustain a fast metabolic pace and respiration rate [48,49]. As the data from this study indicate a similar trend of viable embryos portraying reduced pixel change and activity, the authors of this research hypothesize that 30 s videos of embryos in culture can provide a means to non-invasively monitor embryo metabolism, which can allow researchers to detect the early embryonic onset of stress and deterioration as well as infer continued developmental potential. Proper metabolic function is crucial to the development of embryos as they must properly utilize energy sources to survive and grow. Detection of abnormal metabolic function could be an early indicator that an embryo will not be able to advance to later developmental stages, such as hatching, which is necessary for implantation in the uterus to establish a pregnancy.



While 30 s is a relatively short duration, this length of time is sufficient for the monitoring of some metabolic events as ATP turnover is derived from the sum of glycolytic and oxidative phosphorylation activity and the demand for cellular energy which can happen in the order of tens of seconds [50]. Noninvasive methods to monitor real-time embryonic metabolic activity can provide new insights into understanding pre-implantation bovine embryo health, allow for early detection of embryos that will not survive, and be used to improve pregnancy outcomes of ET and IVF in cattle.




6. Conclusions


Data from these studies suggest 30 s video recordings of in vitro bovine embryos capture real-time embryo morphokinetic activity which can provide key indicators signifying an embryo’s viability status. This method is practical and affordable for use in the dairy industry and can provide key objective data to help embryo transfer practitioners distinguish embryo viability prior to embryo transfer into recipient or cryopreservation.



Additionally, the ability to non-invasively monitor embryo metabolic activity can not only indicate embryo viability, developmental potential, and early signs of embryonic stress but can be used to optimize embryo culture conditions to enhance the growth and development of in vitro embryo production. Further research will develop machine learning models and algorithms to better analyze video data, automate the analysis and create comprehensive solutions for embryo health evaluation.
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Figure 1. Timeline of events to collect embryo developmental outcomes and video recordings. 
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Figure 2. Five regions of interest were compared to evaluate the impact of environmental noise on the collected video data. Frame-by-frame changes in 400 × 400 pixel bounding boxes were assessed in regions of interest containing an action area containing live matter of the embryo proper, the top left corner external to the embryo, the top right corner external to the embryo, the bottom left corner external to the embryo, and the bottom right corner external to the embryo. Image collected from TE-300 inverted microscope, 400×. 
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Figure 3. Still images of bovine embryos on different microscopy systems. (A) TE-300 Nikon inverted microscope, 400×; (B) SMZ-1000 stereo zoom microscope, 90×; (C) SMZ-1000 stereo zoom microscope, 90× 4 embryos in a group. 
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Figure 4. Subsequent frames are subtracted from each other. If there is no difference in pixel color/gradient, the image will appear static without any contours/artifacts or remnants of the image. If there is a difference, a ghostly figure will appear which can be quantified. Image collected from TE-300 inverted microscope, 400×. 
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Figure 5. Contrast boosting can make these contours/artifacts/remnants more visibly apparent. Image collected from TE-300 inverted microscope, 400×. 
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Figure 6. Image subtraction and contrast boosting images of bovine embryos. Videos, recorded at 15 frames per second, were processed with graphic imaging techniques. Still capture images of the video data at 1 image per second were placed in a schematic to represent detectable changes in the embryos over a 15 s period. Image collected on an SMZ-1000 stereo zoom microscope, 90×. 
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Figure 7. Frame-by-frame changes of the five regions of interest of a single embryo. The X axis represents the frame number, and the Y axis represents the standard deviation of the pixel change per frame. This graph represents a video with a single embryo. The blue line represents the “action” area which is the region of interest containing the embryo proper. The yellow line represents the top right corner region external to the embryo, the green line represents the top right corner region external to the embryo, the red line represents the bottom left corner region external to the embryo and the purple line represents the top left corner region external to the embryo. 
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Figure 8. Mean activity in the five regions of interest. Activity in the 400 × 400-pixel bounding box containing the action area of the embryo proper was significantly higher than the activity in the four 400 × 400-pixel bounding boxes which were external to the embryo. Bars with different letters a–b represent statistical differences in mean activity (p < 0.001). Bars indicate standard deviation. 
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Figure 9. Normalized activity of bovine embryos in relation to developmental outcomes. Normalized activity (standard deviation/mean) was calculated for each of the embryo’s change over time. The X represents the mean of the normalized activity. Bars represent the range of the data and whiskers represent standard deviation (p < 0.05). 
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