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Foreword


You are familiar with earlier editions of Theory and Practice of Histological Techniques. So, you may be wondering ‘What’s all this about? Why the name change?’ As the only author contributing to this new edition who also contributed to the first edition, and as someone originally recruited by the eponymous John Bancroft and his then co-editor Alan Stevens, it falls to me to offer an explanation. It is simple enough. John has now pulled back into a more hands-off editorial role. Yet his energy and persistence over many years are the key to this publishing epic – seven editions of a technical manual, continuously in print for 35 years, wow! So Churchill Livingstone Elsevier, the publishers, wish to celebrate John’s part in the success of this world-renowned text from its origins to this new edition, both as editor and contributor. Moreover, the successive editions of this remarkable book were, for much of the time, produced in parallel with and enriched by John’s contributions to research and teaching in our field, and of course whilst managing a histopathology department in a large teaching hospital. So let us salute Bancroft’s Theory and Practice of Histological Techniques!




Richard Horobin





2012










Preface to the seventh edition


In the 35 years since the first edition of this book, the histological laboratory has changed dramatically. Whilst some techniques of tissue selection, fixation and section production have remained relatively static, there have been great advances in terms of immunological and molecular diagnostic methodology. Immunohistochemistry and immunofluorescence now have well-defined roles with quality assurance realities, and are to be found throughout the world with pivotal interactions with tissue diagnosis and patient management. In the last 20 years, the progressive development of molecular techniques revolving around DNA and in situ hybridization has permitted the creation of new genetic tests and diagnostic opportunities for the laboratory. These are currently at the forefront of guiding treatment choices for patients. At the same time, these have permitted review of some classic histological tests resulting in a reduced histochemical repertoire in many laboratories. Knowledge of both the old and new is required by trained, as well as trainee, histotechnologists working alongside the pathologist. A thorough grounding in all these aspects of diagnostic methodology is still required.


In producing this edition we were faced with choices about classical and rarely used methodologies, and concluded that many needed to be removed from the text or reduced in volume into the appendices. These include the chapters on lipids, proteins and nucleic acids, neuroendocrine system and cytoplasmic granules and enzyme histochemistry. This has allowed for expansion and update in some areas, particularly the newer diagnostic methodologies. We recognized that some sections on classic stains have not changed dramatically, and have simply reviewed these to ensure that modern relevance has been achieved. Other chapters have been amalgamated, such as the in situ hybridization and genetic testing sections.


There are a number of new contributors for this edition. They include Louise Dunk, who contributed the management chapter and Anthony Rhodes, who updated fixation of tissues. The gross room/surgical cut-up chapter has been rewritten by Kim Suvarna and Christopher Layton. The pigment and minerals chapter has been revamped by Guy Orchard and the amyloid chapter by Janet Gilbertson and Tony Hunt. Neuropathology has been rewritten by Robin Highly and Nicky Sullivan. Some immunohistochemistry and immunofluorescent techniques have required a rewrite reflecting current modalities, and this has been accomplished by Tracy Sanderson, Greg Zardin and Graeme Wild.


Having said this, we are conscious that we are all part of the lineage of previous authors that have contributed to the first six editions of the book. We salute and thank them for their previous work. Indeed, their contribution to the success of this ongoing text cannot be underestimated. We would not wish to single out any one person, or group of individuals, but rather express great thanks to all the previous contributors over the decades that this book has been in existence.


Ultimately, we hope that we have produced a modern and relevant histotechnology text that will be of use to those in training as well as established practitioners across the world. As always, we recognize that this edition is but one step of the ongoing story and hope that colleagues across the world will enjoy and approve of the changes that have taken place.


S. Kim Suvarna, Christopher Layton and John D. Bancroft


February 2012










Preface to the first edition


In recent years histological techniques have become increasingly sophisticated, incorporating a whole variety of specialties, and there has been a corresponding dramatic rise in the level and breadth of knowledge demanded by the examiner of trainees in histology and histopathology technology.


We believe that the time has arrived when no single author can produce a comprehensive book on histology technique sufficiently authoritative in the many differing fields of knowledge with which the technologist must be familiar. Many books exist which are solely devoted to one particular facet such as electron microscopy or autoradiography, and the dedicated technologist will, of course, read these in the process of self-education. Nevertheless the need has arisen for a book which covers the entire spectrum of histology technology, from the principles of tissue fixation and the production of paraffin sections to the more esoteric level of the principles of scanning electron microscopy. It has been our aim then, to produce a book which the trainee technologist can purchase at the beginning of his career and which will remain valuable to him as he rises on the ladder of experience and seniority.


The book has been designed as a comprehensive reference work for those preparing for examinations in histopathology, both in Britain and elsewhere. Although the content is particularly suitable for students working towards the Special Examination in Histopathology of the Institute of Medical Laboratory Sciences, the level is such that more advanced students, along with research workers, histologists, and pathologists, will find the book beneficial. To achieve this we have gathered a team of expert contributors, many of whom have written specialized books or articles on their own subject; most are intimately involved in the teaching of histology and some are examiners in the HNC and Special Examination in Histopathology. The medically qualified contributors are also involved in technician education.


All contributors have taken care to give, where applicable, the theoretical basis of the techniques, for we believe that the standard of their education has risen so remarkably in recent years that the time is surely coming when medical laboratory technicians will be renamed ‘medical laboratory scientists’; we hope that the increase in ‘scientific’ content in parts of this book will assist in this essential transformation.




John D. Bancroft







Alan Stevens





Nottingham, 1977
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1 Managing the laboratory




Louise Dunk









Introduction


Management is an integral aspect of the day-to-day life of the histopathology laboratory and is a major requirement of the accreditation process required by legislation in some countries. The accreditation standards include management as part of the evaluation and it is necessary that the laboratory worker is familiar with all of the processes involved. There are excellent books available which cover management issues in depth, and it is not the objective of this chapter to be a comprehensive guide to the subject. Rather, it discusses and concentrates on specific areas which have an impact on the operation of the laboratory; namely:




• Governance


• Risk management


• Quality management and establishing a quality system


• Personnel management





Other areas would include the management of estate, assets, equipment and supplies, business and budget management, and management of the scientific aspect and test repertoire of the service.


A pathology service may include a histology laboratory, an autopsy service, general cytology and a cervical screening/testing service. These areas will have many common management requirements but there will be some areas such as risk management where the issues will be individual to that section.


The surgical biopsy is sent for histopathological assessment to corroborate or dispute a clinical diagnosis by providing confirmation of data provided from other diagnostic tests. It should provide the clinician with valuable information on how to proceed with the treatment of the disease. Some resection specimens are taken as part of the treatment process, being referred to confirm the diagnosis, ensure adequate resection margins, to determine the extent of lymphatic/vascular involvement, staging, likely outcome and prognosis. Aside from simply determining a cause of death, autopsies may provide definitive data for a medical audit. They may be used to determine where medical procedures have been ineffective, or may give additional data for the future treatment of other patients. They can also provide a much needed final diagnosis and resolution for relatives.


Cytology samples are used as a screening process (e.g. cervical smears) and may assist in the early diagnosis of disease prior to the development of symptoms and thereby enable effective treatment. Cytology tests can also be used to monitor the stage of disease before/after treatment. This is accomplished by using non-invasive or minimally invasive techniques, which have a low risk of complications to the patient.









Governance






Risk management


Risk management is an essential and central part of all laboratory work. Organizations such as the Health and Safety Executive (HSE) and the Health Protection Agency (HPA) exist to ensure the safety of employees, patients and the general public in the United Kingdom. In the USA the Occupational Safety and Health Administration’s mission is to prevent work-related injuries, illnesses, and occupational fatality by issuing and enforcing standards for workplace safety and health, and most countries will have equivalent bodies and standards.


Regulations made under the Health and Safety at Work Act 1974 apply to all work situations, for example the Control of Substances Hazardous to Health (COSHH) Regulations and the Workplace (Health, Safety and Welfare) Regulations. The HSE enforces this act along with others, including the Health and Safety Offences Act 2008. The overall message is that that employees are entitled to work in environments where risks to their health and safety are properly controlled (i.e. minimized). Under health and safety law, the primary responsibility is owed by employers, with employees expected to ensure their own safety, and that of their colleagues and/or patient’s by adhering to policies and procedures.


To comply with legislation and maintain accreditation, a laboratory must have an effective risk management policy. Any chance of something going wrong should be either negated or minimized, and therefore a laboratory’s risk management process should have procedures in place for:




• Identifying all risks that exist within the environment


• Assessing those risks for likelihood and severity


• Eliminating those risks that can be removed


• Reducing the effect of risks that cannot be eliminated





The pathology laboratory should have close links with, and feed into, the host organization’s risk management process. In most hospital laboratories, the laboratory manager will be accountable for risk management and the health and safety of the staff in their department, and often will be supported by a Risk Lead who will be responsible for the operational aspects of the system.


To function effectively and safely, all of a laboratory’s procedures and activities must be subjected to the risk management process. The risks in the laboratory are similar worldwide, albeit with a variation due to local circumstances. Health and safety and quality assurance incorporate a major aspect of risk management. All aspects of our working life incorporate a degree of risk and the risk management process allows us to prioritize, evaluate, and handle the risk appropriately. It is not possible to avoid or eliminate all risks, and in reality this may not be practical. It is important to identify and understand the risks that are involved in a laboratory’s working practices. An individual’s responsibility for risk management is dependent upon that individual’s role within the organization. The Chief Executive, for example, will be concerned mainly with risks associated with strategic issues affecting the organization as a whole and would only include histopathology within the risk assessment if it had a direct impact on these issues. Matters concerning the day-to-day running of the laboratory would not be of direct interest unless, of course, there was a significant reason for involvement such as major clinical or financial concerns or unmanaged risks or incidents, especially those likely to cause harm to patients, cause the organization to fail to achieve agreed targets or might attract adverse media publicity. A laboratory manager would be concerned with all risks associated with the department that they manage, but also how these might impact on other areas of the organization such as porters transporting samples or chemicals to the laboratory. They would also be required to alert the organization to the presence of risks which cannot be adequately controlled within or by the department.


The laboratory management team will deal with any laboratory-associated risk by ensuring that adequate resources are available to deliver the service, and by guaranteeing that the laboratory provides a service that is safe both for staff and patients. Staffing levels and competence, timeliness and quality of results, budgetary management, consumable and equipment supplies, and maintenance are some of the areas of concern. The laboratory management team must also ensure risk management procedures are in place for every aspect of a laboratory’s processes and environment.


The laboratory manager must ensure that day-to-day errors do not arise as a result of inadequacies in laboratory procedures and that quality control checks are in place to minimize the possibility of human errors: for example, a transcription error or mislabeling. Standard operating procedures (SOPs) should include COSHH data, risk assessments or equivalent, and also to include other health and safety information relevant to the procedure. This should include national legislation and guidance where available.


Scientific and support staff at the bench may be exposed to risks involving equipment malfunction due to poor maintenance or design. Poor-quality reagents may produce poor processing of tissues or inaccurate staining results. One of the most common accidents in the histopathology laboratory is the injury to fingers or hands from microtome blades or laboratory knives. It is the responsibility of each laboratory worker to reduce the risks associated with their day-to-day work by working in accordance with SOPs and associated risk and COSHH assessments. This will help ensure that everyone is working to the same standard and understands what is required to minimize risk to themselves, their colleagues and/or patients. It is importance that where risks are identified, the risk management measures which are put in place are regularly audited to assess whether they are being followed and are still appropriate and effective.






Risk identification


The risks within each laboratory section are best identified by the section lead and members of that team, working in conjunction with the laboratory’s health and safety lead. This ensures that the broadest possible spectrum of viewpoints is considered. During this process it is also useful to divide the risks into different categories, such as clinical, physical, chemical, infectious, etc., and even organizational, financial and political, depending on the area being risk assessed. For example a support worker unpacking the samples delivered to the laboratory might have noticed that more samples than usual have leaked. This could put both themselves and the porter at risk from infection and exposure to fixative, and if any of the contents has leaked beyond the specimen bag there could be a risk to other health workers and patients/visitors using the same route. This could just be a problem with one batch of specimen pots, but could also be a training issue for staff putting the samples in the pots. In raising the issue with their supervisor and giving them the opportunity to investigate the root cause, the support worker may have prevented harm to others and potential damage to the sample.









Risk analysis/evaluation


Analysis and evaluation of potential risks is an essential part of the process, and one that is used to identify both the likelihood and severity of these risks. By scoring the risks for likelihood and severity, it is then possible to use a matrix such as the one described below as a tool that will put a value on specific risks. This will then help prioritize them for further action.


The risk manager should put a system in place whereby all incidents and accidents are reported no matter how small. It is only by recording data that the full picture can be obtained and analysed and areas possibly overlooked initially be risk assessed and managed.









Severity and likelihood values


The following is an example of a severity scoring scale for incidents:




1. Low



• Minor injury or harm



• Minor loss of non-critical service



• Minor non-compliance with standards



• Minor out-of-court settlement



• Publicity mostly contained within organization. Local press coverage of no more than one day


2. Slight



• Injury or harm requiring less than 3 days absence from work or less than 2 days hospital stay



• Loss of service for less than 2 hours in a number of non-critical areas or less than 6 hours in one area



• Single failure to meet internal standards



• Civil action with or without defense, improvement notice



• Regulatory concern



• Local media coverage of less than 7 days


3. Moderate



• Medical treatment required and more than 3 days’ absence from work or more than 2 days’ extended hospital stay



• Loss of services in any critical area



• Repeated failures to meet internal standards or follow protocols



• Class action, criminal prosecution or prohibition notice served


4. Severe



• Fatality, permanent disability or multiple injuries



• Extended loss of essential service in more than one critical area



• Failure to meet national standards



• Executive officer fined or imprisoned, criminal prosecution – no defense



• Political concern, questions in parliament, national media coverage greater than 3 days


5. Catastrophic



• Multiple fatalities



• Loss of multiple essential services in critical areas



• Failure to meet professional standards



• Imprisonment of executive from organization



• Full public enquiry





Incidents may also be scored 1–5 for likelihood:




1. Incident unlikely to occur.


2. Incident likely to occur once in a 5-year period.


3. Incident likely to occur yearly.


4. Incident likely to occur once in a 6-month period.


5. Incident likely to occur once every 4 weeks or more frequently.





The risk factor is the severity multiplied by the likelihood of occurrence:




Very Low Risk – The majority of control measures in place or harm/severity small. Action may be long term.


Low Risk – Moderate probability of major harm or high probability of minor harm if control measures are not implemented. Action in the medium term.


Moderate Risk – Urgent action to remove or reduce the risk.


High Risk – Immediate action to remove/reduce the risk.












Risk management


The objective of the whole risk management process is to either remove or avoid risks, or manage them where removal is not an option. Removal would be possible, for example, by looking for alternatives to high-risk, harmful chemicals used in the laboratory. For example, prior to the 1970s, it was common practice to use mercuric chloride as a constituent of fixatives and, although this gave excellent quality fixation, it was extremely harmful to the environment and also to laboratory staff. Its use was subsequently stopped and alternative fixatives replaced it. Where risks remain, efforts should be made to reduce the effect or the possibility of the risk happening. The ways of controlling risk are numerous, but frequently there will be expert guidance or regulations issued by professional bodies or government agencies that the Risk Lead should ensure are implemented. Informal networking with professionals in similar laboratories can also provide valuable information and ideas as to how others have overcome the challenges of managing certain risks.


Audit is an essential tool in risk management. Regular audits of the effectiveness of the risk management measures put in place and the frequency and nature of incidents will allow the laboratory’s risk management team to assess them and amend and improve if required. Audit will also identify areas or tasks that may need more regular monitoring and may highlight training gaps for individuals or groups of staff. In addition, regular and targeted audits will provide evidence to assist with driving change should the risk be due to lack of funding for certain tasks or process or to processes outside the control of the laboratory management (e.g. labeling of samples in the operating theater).









Risk funding


Risk management should also consider insurance (individual or laboratory), although this is an important option. All medical staff carry medical liability insurance, which covers them in the event of any negligence claims. Similarly, professional indemnity insurance is commonly available today for non-medical laboratory staff who are much more at risk in today’s litigation-conscious society. The decision regarding whether or not to insure should be based on the risk assessment and the severity and likelihood of the risk. Some risks will not be appropriate for insurance cover for whatever reason, and in these instances the risk must be accepted by the organization.












Quality management


A quality management system is essential in order to provide the best possible service for the patient and clinicians. Quality is defined as a measure of how well a product or service does the job for which it is designed (i.e. conformity to specification).


Internal quality control of work processes is an important part of quality management, and has been the traditional way that bench work has been checked for many years. External quality assurance (EQA) schemes provide benchmarking against other laboratories and often provide access to best practice methods and expert advice on improving techniques/specific tests. However, a full quality management system should also encompass systems to ensure consistency, quality of service, confidence, standardization and continual improvement of all laboratory processes.


Quality management of a laboratory should ensure there are systems in place to monitor and improve areas such as organization and quality management systems. This will involve liaison with users, human resources, premises, the local environment, equipment management, information systems and materials. It will address the pre-examination process, the examination process, the post-examination phase as well as evaluation and quality assurance. Regular audit of the various components of the system will provide evidence of compliance with standards for accreditation. It should identify any trends and issues for concern, and confirm quality systems are working. Overall, all these measures should identify areas for quality improvement and show whether any improvements are working.









Accreditation


Accreditation is an important and long-established part of quality management in pathology laboratories. Accreditation allows confirmation that a department meets specific requirements for the users and clients, and fulfills appropriate legal requirements. The process will normally reduce risks from areas such as product failure, health risks, and company reputation. Many countries have their own long-established accreditation bodies and systems, but the International Organization for Standardization or ISO standards are being adopted by many countries as the standards they wish to work to and be accredited by. ISO is the world’s largest developer and publisher of international standards. There are ISO standards that cover many areas of activity, with the ones that affect medical laboratories being:




ISO 15189 – Medical laboratories – Particular requirements for quality and competence. This is the main standard that affects medical laboratories and that the majority will seek to become accredited to.


ISO 17043 – Conformity assessment – General requirements for proficiency testing. This standard specifies general requirements for the competence of providers of proficiency testing schemes, which would include external quality assurance schemes.


ISO 17011 – Conformity assessment – General requirements for accreditation bodies accrediting conformity assessment bodies. In order to assess and accredit laboratories according to ISO standards within their own country, national accreditation bodies such as CPA in the UK must themselves be accredited under this standard.





Laboratories wishing to be accredited must demonstrate a robust quality management system and consistent application of the standards, usually by undergoing assessment and surveillance visits from the accrediting body, plus providing annual reviews of the quality management system.






Quality control (QC)


This system checks that the work process is functioning properly. It includes processes utilized in the laboratory to recognize and eliminate errors. It ensures that the quality of work produced by the laboratory conforms to specified requirements prior to its release for diagnosis. Errors and/or deviations from expected results must be documented and include the corrective action taken, if required. In the laboratory, quality control has long been a component of accreditation requirements and should be ingrained in scientists as a daily practice.


Most laboratories have experienced scientists and support staff who have the responsibility of performing routine quality control checks prior to the release of slides for diagnosis. This QC evaluation will include, but is not limited to: accurate patient identification, fixation, adequate processing, appropriate embedding techniques, acceptable microtomy, unacceptable artifacts, and inspection of controls to determine quality and specificity of special staining and immunohistochemistry methods. Criteria should be established that would trigger a repeat if the QC findings were qualitatively or quantitatively unacceptable. Despite having a conscientious QC system in the laboratory, pathologists (having a higher level of expertise) perform the final QC examination as they assess/report the slide. It is their responsibility to determine that this is adequate for diagnostic interpretation. However, all personnel are responsible, such that errors and incidents should be recorded and audited regularly to identify trends. This will highlight any training needs and gaps.









External quality assurance (EQA)


In addition to local data collection and monitoring for internal quality control, external mechanisms provide valuable information regarding quality and peer comparisons and as an educational tool. In the UK, quality assurance of laboratory techniques is organized on a national basis. It is a system of peer review and registration with appropriate (approved) schemes. The non-profit-making NEQAS (National External Quality Assurance Scheme) organizes programs for histochemistry and immunohistochemistry.


In the USA, the National Society of Histotechnology (NSH) in partnership with the College of American Pathologists (CAP) (2006), created the Histology Quality Improvement Program (HistoQIP). Their system scores each slide, assessing the fixation, processing, embedding, microtomy, staining and coverslipping. Additionally, CAP establishes national surveys for immunohistochemistry.


The UK quality assurance schemes were started by members of the profession to establish quality standards within histopathology. Registration with the schemes is now a requirement for accreditation. The quality assurance process is based on peer review of the stained sections submitted by participating laboratories. There are also medical quality assurance schemes for pathologists that cover many of the sub-specialties of histopathology.


The quality assurance schemes currently used in the UK are coordinated under the auspices of UK NEQAS and within this organization there are two individual schemes for histopathology, the NEQAS for immunohistochemistry and the NEQAS for cellular pathology techniques. The immunohistochemistry scheme gives participants the option to be assessed on general antibody panels, or more specialist laboratories may choose to participate only in the lymphoma or breast specialist areas. The cellular pathology scheme is subdivided into general, veterinary and neuropathology.


Accreditation standards require action be taken by poor performers to improve the quality of their preparations. Most schemes offer expert assistance and advice to laboratories that fall below the defined acceptable score.









Organization and liaison with users


An appropriate management structure for the department should exist so that the main functions can be adequately delivered. Staff at all levels should be qualified and trained for the work that they do and hold appropriate registration, if required. Competencies for the tasks performed should be regularly assessed, checked and recorded.


Many departments publish a mission statement outlining their business and aims. The quality objectives need to be documented so that all have clear objectives outlining who is responsible for achieving them and when they should be achieved by.


A laboratory will have many users, including patients, clinicians and those purchasing its services. It is essential when planning and developing a laboratory service that all users are consulted. In short, the department must know about the service it is providing/will provide. Likewise when monitoring the effectiveness and quality of a service, user feedback should be sought so that the service can be properly evaluated. Any complaints/praise should be followed up immediately, and should feed into the quality management system.









Premises, equipment and materials


The laboratory environment and equipment must be fit for all laboratory processes. Managers should ensure that there are adequate basic facilities for staff to do their jobs, such as rest and toilet facilities, adequate lighting, IT provision and space. There should also be enough space for equipment and storage. Equipment should be functional and be regularly maintained for safe use.


Staff must be trained and competent (in their own areas) to use all of the equipment and materials in a safe and effective way. Materials and equipment must be managed with regard to stock control and servicing. Procurement policies should ensure that quality stock is purchased, being fit for purpose and value for money.









Examination procedures


Any laboratory’s testing procedures may be multiple and complex, and in many laboratories its staff are required to rotate between sections. Also, it is essential that the methodology for all procedures and tests are documented in standard operating procedures (SOPs) to permit all staff to operate in a standardized and appropriate way. SOPs should cover all aspects of the testing process, from delivery of samples or reagents to the issuing of the final laboratory report. The SOPs therefore include not only the laboratory procedures but also those carried out by pathologist and clerical staff. It is important that SOPs that impact on areas or staff outside of the laboratory (e.g. porters delivering samples from operating theaters) are shared with the other departments responsible for managing that part of the process.


Accreditation standards require that SOPs and other policies are controlled within a document control system. This is usually a central database that holds authorized copies of documents, with controls on who can modify the data. The document control system must also ensure that only authorized and up-to-date copies of SOPs and policies are being used by staff performing the tasks. Any changes to a procedure must be captured within a further updated SOP. This must then be issued and any old SOPs removed from circulation.









Continuous quality improvement (CQI)


This is the system that is used proactively, to approach and identify opportunities to improve quality, before problems occur. It operates through evaluation and audit of all systems and processes in the laboratory. The goal is to improve care and safety for patients and staff through recognition of potential problems and errors – before they can occur. Good managers now realize that often failures, errors, and problems are usually due to the system processes and not necessarily the fault of the employee(s).


Regular and thorough audit of the many components of the laboratory’s quality management system and performance should be mapped against accreditation standards. This will help highlight any problem areas. Feedback from users provides useful information when evaluating the effectiveness and quality of the service. Any criticism received may well prompt an unscheduled audit of that particular part of the system.


CQI should include auditing of the laboratory’s procedures against not only accreditation standards but also those of the host organization/other services. Any audit findings that show that the laboratory’s processes are not adequate should result in corrective actions. These audit findings might also highlight improvements for processes, documentation, staff training or monitoring aspects of competency. Any corrective actions required should be completed as soon as possible in order that the service required by the users can be improved and brought up to standard quickly. CQI is a continuous cycle of audit and assessment of the service. If not monitored regularly, quality standards can slip as staff, equipment and reagents change. It is useful for the manager to establish an audit calendar to ensure that all areas are audited regularly with particular attention to ‘problem areas’.












Personnel management


One of the most important assets for a histology laboratory is its staff or personnel. More than any other pathology specialty, the laboratory process in histology is a very manual procedure, from sample receipt, through dissection (grossing), embedding, sectioning and staining. Many techniques are still reliant on skilled personnel rather than automation, and the laboratory manager must ensure that the department is staffed by an appropriate number of staff with the right level of skills to ensure that the process is robust, safe and cost-effective.






The role of the laboratory manager in staff management


The laboratory manager is accountable for the service provided by the laboratory, and should have the appropriate qualifications experience to undertake this task. As well as being the lead scientist for the department, laboratory managers are usually responsible for recruiting the appropriate staff, and also managing the human resource needs and professional direction of their staff. All staff should have comprehensive job descriptions so that they and their manager and supervisor know what is expected from them and to whom they are accountable. They should also have contracts that specify the terms and conditions that they are employed under.


Staff should have access to basic facilities such as handwashing, toilets and rest rooms. The manager should ensure that adequate breaks are allowed, especially in areas where staff cannot easily break off from what they are doing due to the high levels of concentration required, or because they work in areas where personal protective equipment is needed due to chemical or biological hazards. The European Working Time Directive and United States Department of Labor give guidance on how long staff can work without a break and maximum working hours per week.


The manager must ensure that there are appropriate numbers of staff with the required education, qualifications, training and competence to provide the service required. Managers must also ensure that staff have access to further education as required in order to continue to keep up with the latest knowledge and techniques related to the service being provided. The competency of staff to do the tasks within their job description needs to be assessed at regular intervals, and this together with regular formal appraisals should ensure staff are supported and provided with what they require to fulfill their roles. The manager must also address any issues with discipline or excessive absence from work to ensure that the workforce team functions optimally.


Regular staff meetings should be held that involve all levels of staff, in order that any new information can be passed on, such as new procedures or updates related to the risk and quality management systems. Regular meetings also allow staff to feed back any information they have or raise queries, and gives them access to supervisors or managers that they may not easily get during their routine day. Management techniques such as ‘Lean’ encourage short staff meetings at the start of each day so that any issues related to the days work can be raised and planned for, e.g. staff absence, workload, or other factors that might interrupt or disrupt the workflow.









Staffing the laboratory


Ensuring the right number and level of staff depends on the manager having a good understanding of the volume and complexity of work received. Good information systems are essential for recording and analyzing the work performed in a laboratory every year, and for understanding trends in workflow and complexity.


Guidelines such as those issued by the Royal College of Pathologists and the Institute of Biomedical Science in the UK advise what level of laboratory duties may be undertaken by which grade of staff, and have their own training and examination systems to enable consultant and postgraduate scientist staff to gain the qualifications they require. Scientific staff working in accredited laboratories in the UK should be registered by the Health Professions Council.


In the USA the National Accrediting Agency for Clinical Laboratory Sciences (NAACLS) fully accredits about 479 programs for medical and clinical laboratory technologists, medical and clinical laboratory technicians, and related professions. Other nationally recognized agencies that accredit specific areas for clinical laboratory workers include the Commission on Accreditation of Allied Health Education Programs and the Accrediting Bureau of Health Education Schools. Some States require laboratory personnel to be licensed or registered. Licensure of technologists often requires a bachelor’s degree and the passing of an exam, but requirements vary by State and specialty. Scientists may also gain certification by a recognized professional association, including the Board of Registry of the American Society for Clinical Pathology, the American Medical Technologists, the National Credentialing Agency for Laboratory Personnel, and the Board of Registry of the American Association of Bioanalysts.


Once the level and complexity of the workload is known, the workforce can be profiled to match its requirements, remembering that to be cost-effective, tasks not requiring registered or licensed scientists should be performed by support staff where possible.
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2 Safety and ergonomics in the laboratory




John D. Bancroft





There are numerous workplace hazards in histology laboratories, and most countries have now passed regulations designed to improve this. These vary from country to country but the underlying theme is universal.


Risk management pertains not just to personal health and safety, but also to environmental health and safety. Hospital laboratories and research facilities have seen significant improvements in workplace conditions, but they remain contributors to environmental pollution.


The goal of this chapter is to lay out a risk management plan that is applicable worldwide. While general in scope to encompass a variety of regulations, it is specific regarding the hazards unique to histology. Most of the information is from Dapson and Dapson (2005). Other references which should be in every laboratory include Montgomery (1995), the Prudent Practices Series (National Research Council 1989, 1995), aids for preparing chemical hygiene plans (Stricoff & Walters 1990), as well as guidelines from the Clinical and Laboratory Standards Institute concerning laboratory safety (2004), biohazards (2005) and waste management (2002). Indispensable publications from the Centers for Disease Control (USA) include guidelines for safety (1988), HIV and tuberculosis 1990, 1994).






Risk management






Identify and evaluate hazards


The first step in risk management is to identify hazards in and emanating from the workplace. If this has never been done, it may be a formidable task, especially if there are old reagents or chemicals in poorly labeled containers. Anything that is unidentifiable or questionable should be set aside for disposal. Identification of hazards goes beyond making a chemical inventory, although that is a significant part of the effort. Electrical, mechanical and biological hazards are also included. In this initial identification stage, include the nature of the hazard(s) with the name, its location and the procedure(s) involved with its use. If no current use is found, then dispose of the item.


For hazardous chemicals, data sheets are available in most countries, and available from databases on the Internet. A file of data sheets should be kept in a secure location, and employees must be given reasonable access to it. It is also advisable to keep a duplicate file readily accessible in the laboratory in case of emergencies. Some reagents found in storage areas may be obsolete; sheets will be impossible to find for these. This creates a problem with no simple solution, because legitimate disposal may require having a data sheet, yet keeping the chemical also dictates that a sheet be on file. You will have to create one, or hire a qualified firm to do that for you.


Evaluate the severity of each of the hazards. What is the volume or magnitude of the hazardous item? How much is used per day (or some other meaningful unit of time)? Now put that information together with the data sheet. These are written for industrial-scale exposures, and you must weigh that against the scale of use in your laboratory. This evaluation must include risks associated with spillage and disposal as well as normal use. The hazards of a bulk container of formalin emptying onto the floor of a laboratory are quite different from spilling a 30 ml specimen container in a dermatologist’s office. Likewise, emptying hundreds of small formalin-filled specimen containers into a disposal drum or sink might present far greater exposure risk than handling each one during grossing. Do not underestimate risk, but keep the assessment proportional to scale and scope of operations.









Plan to minimize risk


Once the hazards have been listed and evaluated, decide how to reduce risk. Each item should be scrutinized, not just those offering the greatest dangers. Prioritize later. The goal is to reduce risks to acceptable levels, preferably through a cascading series of options that become progressively more burdensome and expensive. Work practice controls are the best way to tackle the problem; when pursued aggressively and with commitment at all levels of the institution, they usually are the only changes needed. Work practice controls involve eliminating, reducing and recycling everything possible. If they do not succeed, engineering controls should be implemented. These involve ventilation systems, fire protection devices and other expensive alterations to the facility. If all of these measures fail or are impossible to accomplish, personal protective equipment (PPE) must be used as a last resort. PPE should never be the first choice, although it may seem the most obvious way to protect workers.


There are several ways to reduce risk, the first of which should be to eliminate the hazard altogether. The list of obsolete chemicals in some of our labs is growing rapidly; how many does your laboratory still use? Remember using benzene and dioxane? No? Then do not be surprised in another few years to have histologists and biomedical scientists who never used xylene, toluene, chloroform, methacrylate, picric acid, uranyl nitrate and formaldehyde. A surprising number of laboratories are free of one or more of these highly dangerous substances and a few have eliminated all of them


Practically every hazardous chemical can be replaced today with a safer and technically superior substitute. The question is not whether it can be done, but if it might be done. The obstacle is rarely technical feasibility; most likely, it is human obstinacy. The notion that substitutes are not as good has been debased so often in everyday life that it is a wonder that it persists so strongly in the medical profession. Antifreeze, correction fluid, nail polish, hard surface cleaners, cosmetics, contact lens solutions and gasoline are just a few of the thousands of common materials in our lives that have undergone radical reformulation. In all cases, the products are safer, many work better, and some are less expensive.


If elimination of a hazard is out of the question, consider reduction. This will involve procedural changes, so be sure to weigh all implications before pushing ahead. A common idea for reduction is to use smaller specimen containers for fixation. Recycling is a final option for risk minimization. The volume in use at any given time might not be reduced, but the amount involved in storage and disposal will be cut drastically.


The plan must include justification to managers. Rationale for change should not rely solely upon improving safety. Financial considerations weigh heavily in any business, and could be your strongest argument for change. While many changes will cost more money initially, the long-term benefits are usually easy to calculate. For example, formalin substitutes are more expensive than formalin, but their use creates significant savings later. Workplaces and personnel do not need to be monitored for hazardous vapors, and disposal costs are usually reduced to zero. Less tangible but nonetheless real are the cost benefits of a healthier work force.









Implement the plan


Having a plan will do no good unless it is implemented. Prioritize the changes described in the plan. While easy changes should be tackled immediately, do not put off the challenging items that carry high health or environmental risk. Achieving financial gain quickly will help your cause, so be sure to include something at the outset with immediate positive economic impact.









Design standard operating procedures for working with hazards


Nearly all laboratories operate under a set of written, standard operating procedures (SOPs) mandated by a variety of accrediting or regulatory agencies. Detailed procedures for handling hazardous substances certainly should be central in these procedures, but other topics ought to be addressed as well. Personal hygiene practices should be a subconscious part of every workers’ behavior, but must be spelled out in the SOPs. Define the criteria for invoking the use of specific control measures, such as the use of protective equipment. Describe how to assure that fume hoods and other pieces of protective equipment are functioning properly. Make provisions for employee training, medical consultations and medical examinations. Detail spill procedures; define the kinds of spills that should be handled by laboratory workers and those too serious for anyone except trained HazMat responders. Establish a qualified officer or committee of qualified people to develop and administer these safety procedures.









Train personnel


Safety training is mandated by a variety of governmental regulations in several countries, and should be part of every department’s personnel practices. Trained people work more safely, efficiently and economically. In addition, the threat of employee litigation against the department is reduced. Regulations rarely address the issue of who should provide the training. In the past, it was common for one of the technical staff (usually the supervisor) to do this, that person obtaining the information as best he/she could. It is preferable, however, to have the trainer who is specially educated and experienced in health and safety matters.


Training must include general practices and may deal with very specific topics such as respirator use, handling select carcinogens, and working with formaldehyde. Each employee should sign a form verifying that training was received, a copy of which becomes part of the employee’s permanent record. The employee’s name, date and subject of training should be included on the certification form. Yearly retraining should be mandatory and documented. New employees, or employee’s assigned new hazardous tasks, must be adequately trained before beginning work.









Periodic reviews


On at least a yearly basis, all SOPs, risk assessments and training programs should be reviewed and updated as needed. Each written document should bear the date of creation and latest revision. Continue to minimize risks. Address any new risks that occur when different hazardous materials are brought into the workplace. Revise risk assessments and protocols to accommodate increased use of hazardous substances, especially as workloads increase.









Record keeping


Regulations often prescribe what records must be kept and for how long. It is prudent to record everything that pertains to regulatory compliance, risk assessment, causes and prevention of occupational illness or injury, employee health and safety training, exposure monitoring, occupational medical records, personal protective equipment and hazardous waste disposal practices. Records should be kept indefinitely, although 30 years past the duration of a worker’s employment is the term often prescribed by regulatory agencies. If in doubt, consider this: for how long would you want your estate to have access to health and safety records relating to your employment?









Occupational exposure limits


Most chemicals are hazardous to some degree; the question really is how hazardous are they? In other words, what would a safe level of exposure be? From many years of actual industrial experience, various agencies have developed standards for exposure to widely used chemicals. Generically, these are called occupational exposure limits, but each agency refers to its own values by unique names. OSHA’s Permissible Exposure Limits (PELs) are based upon scientifically based recommendations from the National Institute of Occupational Safety and Health, or NIOSH (2003), but are also influenced by special interest groups and Congressional actions. OSHA limits therefore typically are more lenient. Another source of exposure limits, called Threshold Limit Values (TLVs®) is ACGIH®, the American Conference of Governmental Industrial Hygienists (2004). These limits are more widely used around the world for occupational standards.


An exposure limit is the maximum allowable airborne concentration of a chemical (vapor, fume or dust) to which a worker may be exposed. Presumably, it represents the concentration at or below which it is safe for most people to work; there will be individuals who react adversely below the limits because of hypersensitivity.


It is important to realize that exposure limits are properties of the worker and the workplace combined. They are not simply the maximum limits of vapor, fume or dust in the workplace; they are the maximum limits of exposure. This is especially important to consider when monitoring exposure levels. Monitor employees, not the workplace. Monitoring devices should be positioned as close as possible to the worker’s face in order to capture actual breathable quantities of hazardous material. For example, airborne levels of formaldehyde vapor a few inches above a grossing station’s cutting board may be much higher than concentrations at nose level, especially with well-designed ventilation.






Kinds of exposure limits based upon the duration of exposure







TWA (or TWAEV). The time-weighted average (time-weighted average exposure value) is the employee’s average exposure over 8 hours. Shorter exposures may exceed this value as long as the average exposure does not. There may be some short exposure that is too high for safety; that is covered below. When additional exposure is likely through the skin, that may be noted after the TWA. This is especially true for chemicals like phenol and methanol that pass quickly through skin.


STEL (or STEV). The short-term exposure limit (or value) is the highest permissible time-weighted average exposure for any 15-minute period during the work shift. It should be measured during the worst 15-minute period. The STEL is always higher than the TWA.


CL (or CEV). The Ceiling Limit (Ceiling Exposure Value) is the maximum permissible instantaneous exposure during any part of the work shift. Few chemicals are given both a STEL and a CL; the CL is usually reserved for highly dangerous substances.


For chemicals lacking either a STEL or CL, prudent values may be determined by multiplying the TWA by 3 for the STEL or by 5 for the CL, as is suggested by the Ontario (Canada) Ministry of Labor (1991). When more than one harmful substance is present, complex formulas must be used to determine combined occupational exposure limits. These formulas are prescribed by various governments and vary from country to country.


IDLH. This airborne concentration is immediately dangerous to life and health. Chemicals with low IDLH should be considered very dangerous when spilled or when significant volumes are being dispensed. A single inhalation at or above this limit could have serious, if not lethal consequences.















Biological exposure indices


Can a worker determine if significant exposure has occurred? Can the chemical in question be detected in the worker by a clinical test? In a few instances, the answer is ‘yes’. ACGIH® has established Biological Exposure Indices (BEIs®) as maximum values of analytes determined from clinical tests on exhaled air, urine or blood for a variety of hazardous chemicals, but only four are pertinent to histology: N, N-dimethylformamide, methanol, phenol and xylenes. Consult the latest booklet issued yearly by ACGIH® for details on the first three chemicals.


Because xylene is used so pervasively in histology, and so many histologists are concerned with its effects, further information is presented here on this chemical. The isomers of xylene are metabolized to methylhippuric acids, which can be measured in exposed workers’ urine. The BEI® for xylenes is 1.5 g methylhippuric acids per g creatinine. Samples are collected immediately at the end of a work shift.


BEIs® are not intended to be used in diagnosing occupational illness. They are not maximum safe permissible values. Rather, they are to be used as indicators that workers may be exposed to significant concentrations of harmful substances, particularly if a worker or a group of co-workers repeatedly show values of the analyte at or above the BEI®. For xylene in a well-ventilated histology lab, high methylhippuric acids in urine would probably indicate significant skin exposure.









Types of hazard


Systems of classifying the hazardous nature of chemicals range from simple pictographs with numerical ratings to comprehensive lists of formally defined terms. Even within a single country, government agencies may differ in how hazards are defined. While no single system will suffice worldwide, the following terms do have nearly universal meaning and should serve on a practical basis for describing the hazards encountered in histology. For convenience, hazards are first divided into two broad categories, health and physical. The latter certainly have ramifications for health, but present more immediate problems for storage, handling and building codes.




Biohazards can be infectious agents themselves or items (solutions, specimens or objects) contaminated with them. Anything that can cause disease in humans, regardless of its source, is considered biohazardous, even if the disease primarily occurs in animals. In many countries, biohazardous materials are specially labeled and disposal is generally strictly controlled.


Irritants are chemicals that cause reversible inflammatory effects at the site of contact with living tissue. Most often, eyes, skin and respiratory passages are affected. Nearly all chemicals can be irritating given sufficient exposure to tissue, so general hygiene practices dictate that direct contact be avoided as much as possible.


Corrosive chemicals present both physical and health hazards. When exposed to living tissue, destruction or irreversible alteration occurs. In contact with certain inanimate surfaces (generally metal), corrosives destroy the material. A chemical may be corrosive to tissue but not to steel, or vice versa; few are corrosive to both.


Sensitizers cause allergic reactions in a substantial proportion of exposed subjects. Nearly any chemical may cause an allergic reaction in hypersensitive individuals, so the key here is the prevalence of the reaction in the exposed population. True sensitizers are serious hazards, because sensitization lasts for life and only gets worse with subsequent exposure. It may occur at work because of the high exposure level, but chances are the chemicals will also be found outside the workplace in lower concentrations that aggravate the allergy. Formaldehyde is a prime example. Its vapors come off permanent press clothing, draperies, upholstery, wall coverings, plywood and many other building materials.


Carcinogens: While many substances induce tumors in experimental animals exposed to unrealistically high dosages, officially recognized carcinogens must present a special risk to humans. Criteria for the carcinogenic designation differ slightly among agencies, but in the end, any carcinogenic chemical used in histology is universally recognized as such. Examples include chloroform, chromic acid, dioxane, formaldehyde, nickel chloride, and potassium dichromate. Additionally, a number of dyes are carcinogens: auramine O (CI 41000), basic fuchsin (pararosaniline hydrochloride, CI 42500), ponceau 2R (ponceau de xylidine, CI 16150) and any dye derived from benzidine (including Congo red, CI 22120; diaminobenzidine and Chlorazol black E, CI 30235).





Toxic materials are capable of causing death by ingestion, skin contact or inhalation at certain specified concentrations. These concentrations vary slightly according to the agency making the designation, but differences are insignificant to the histologist. Some countries use the term poison when referring to this category. Toxic chemicals pose an immediate risk greater than the previously covered hazards, and some are so dangerous that they are given the designation highly toxic. Methanol is toxic; chromic acid, osmium tetroxide and uranyl nitrate are highly toxic. Use extreme caution when handling toxic substances; avoid highly toxic ones if possible.


Chemicals causing specific harm to select anatomical or physiological systems are said to have target organ effects. These are particularly dangerous substances because their effects are not immediately evident but are cumulative and frequently irreversible. There are numerous histological relevant examples: xylene and toluene are neurotoxins and benzene affects the blood. Reproductive toxins are especially prevalent (chloroform, methanol, methyl methacrylate, mercuric chloride, xylene and toluene, to name a few) and may warrant special consideration under occupational safety regulations of some countries.


The remaining hazard classes pertain to physical risks. Combustibles have flash points at or above a specified temperature. Flash point is the temperature at which vapors will ignite in the presence of an ignition source under carefully defined conditions using specified test equipment. It is a guide to the likelihood vapors might ignite under real workplace conditions. Flash point is not the temperature at which a substance will ignite spontaneously. Different countries and various agencies within those countries have their own unique values for the specified temperature. In the USA, OSHA defines it as 38°C, while the Department of Transportation uses 60.5 °C. Combustible liquids pose little risk of fire under routine laboratory conditions, but they will burn readily during a fire. It is better to choose a combustible product over a flammable one if all other considerations are equal. Clearing agents offer this choice.




Flammable materials have flash points below the specified temperature discussed above, and thus are of greater concern. Vapors should be controlled carefully to prevent buildup around electrical devices that spark. Special provisions for storage are usually mandated by national regulations, but local codes may impose even stricter measures. Storage rooms, cabinets and containers may have to be specially designed for flammable liquids; volumes stored therein may also be limited. Original manufacturers’ containers should be used whenever possible, and preferably should not exceed 1 gallon (4–5 liters).


Explosive chemicals are rare in histology, the primary example being picric acid. Certain silver solutions may become explosive upon aging; they should never be stored after use. In both cases, explosions may occur by shaking. Picric acid also forms dangerous salts with certain metals, which, unlike the parent compound, are potentially explosive even when wet. The best defense against explosive reagents is to avoid them altogether; this is certainly feasible today with picric acid.


Oxidizers initiate or promote combustion in other materials. Harmless by themselves, they may present a serious fire risk when in contact with suitable substances. Sodium iodate is a mild oxidizer that poses little risk under routine laboratory conditions. Mercuric oxide and chromic acid are oxidants that are more serious. Organic peroxides are particularly dangerous oxidizers sometimes used to polymerize plastic resins. Limit their volume on hand to extremely small quantities. Pyrophoric, unstable (reactive) and water-reactive substances are not generally found in histology. All involve fire or excessive heat.















Control of chemicals hazardous to health and the environment






Personal hygiene practices


There must be no eating, drinking or smoking in the lab. Application of cosmetics other than hand lotion likewise has no place within the laboratory setting. Wash hands frequently, but keep skin supple and hydrated with a good lotion. If hazardous powders have been handled, wash around your nose and mouth so that adherent particles are not ingested or inhaled. Solutions must never be pipetted by mouth.









Labeling


Every chemical should be labeled with certain basic information; proper labeling of all containers of chemicals is mandated in some countries. Most reagents purchased recently will have most of the following already on the label, but older inventories may lack certain critical hazard warnings. Remember that solutions created in your laboratory must be fully labeled. Minimum information includes:




• chemical name and, if a mixture, names of all ingredients;


• manufacturer’s name and address if purchased commercially, or person making the reagent;


• date purchased or made;


• expiration date, if known;


• hazard warnings and safety precautions.





When putting a reagent’s name (or names of ingredients) on the label, use terminology that will be useful to those needing the information. In histology, we have many reagent names that are unfamiliar to chemically knowledgeable people who might be involved in an emergency. This is why it is so important to list ingredients, using names with widespread acceptance in the general field of chemistry; for example, use formaldehyde for formalin, acid fuchsin and picric acid for Van Gieson’s, and mercuric chloride, sodium acetate and formaldehyde for B-5.


Commercial products in their original containers will have the name and address of the manufacturer or supplier. If you put the material into another container, even ‘temporarily’, include this information on the new label. Chemicals in ‘temporary’ storage conditions have a bad habit of remaining there for years after laboratory personnel have moved on.


If the reagent is made in the laboratory, indicate who made it and when. Traceability could be critical if other information is lacking, as in the case of a Coplin jar of ‘silver stain’ left in a refrigerator. Is the solution one of those that is potentially explosive? Does anyone know which silver solution it is?


Many laboratories use small self-adhesive labels that say ‘Received: ——’. These are dated and affixed to each incoming container. Similarly, an expiration date should also be included for those chemicals that do not have an indefinite shelf life. Most inorganic compounds and many non-perishable organic chemicals are good for many years, but mixtures frequently deteriorate in a shorter time. Information on shelf life is hard to come by, and the best source is your own experience since each laboratory has different conditions and perhaps slightly varied formulations. Kiernan (1999) has included shelf-life data from his own extensive experience, which should serve as a good first approximation for your use.


Hazard warnings at a minimum should include the designations listed in the preceding section. This is the simplest and least ambiguous system. Pictographs (flames, corroding objects, etc.) are not universally recognized; some are obscure as to their meaning. Hazard diamonds are popular but carry risks of misinterpretation, especially since there are several systems in use. When there is an emergency, people may not think clearly or have time to figure something out. They need immediate access to the nature of the danger, and nothing provides that so effectively as the printed word. Briefly worded safety precautions may be appended to the hazard warning: for example, irritant, avoid contact with skin and eyes.


A multicultural workforce, not all of who may have the same native language, staff many labs. It is prudent to accommodate their needs by providing multilingual hazard warnings. Again, in an emergency you want no impediments to prompt and correct action.









Warning signs


Various countries have established different guidelines or mandatory regulations involving signage, so specific recommendations cannot be given here.









Protective equipment


There are certain general guidelines for clothing suitable for laboratory work that should be considered before protective equipment. Secure, close-toed footwear should be mandated; open-toed shoes and sandals offer no protection against spills or dropped items. While nearly all fabric today is resistant to destruction by histological solvents, such was not always the case. Certain early acrylic and acetate fibers dissolved almost instantly when in contact with xylene or toluene, creating a great deal of embarrassment when tiny drops of solvent hit the cloth. The possibility that such fabric still exists is real enough to take heed.


Aprons, goggles, gloves and respirators are the personal protective equipment (PPE) most likely to be used in the histology laboratory. In some countries, law for certain hazardous situations requires specified PPE. The following set of recommendations should be a routine part of general laboratory hygiene and will satisfy the most stringent regulations. When specific requirements exist for certain chemicals, such information will be included below in the section detailing common histological reagents. Aprons should be made of material impervious to the chemicals being used. Simple disposable plastic aprons are usually quite satisfactory, although heavy rubber aprons may be warranted when handling concentrated acids. Cloth laboratory coats are suitable only for protection against powders or very small quantities of hazardous liquids. Do not use them for protection against formaldehyde.


Goggles should be chosen specifically for each worker to accommodate the diversity of facial shapes and prescription glasses. Goggles not only come in a variety of sizes and shapes but also they are made for different functions. Choose only vented splashproof goggles for routine work in histology. These allow for ventilation, which reduces bothersome fogging of the lenses, but the vent holes are baffled so that splashing liquids are not likely to reach the eyes. Never cut holes in goggles to improve ventilation, as this defeats the protective function of the equipment. For severe conditions of exposure, wear a faceshield over splashproof goggles; never use a faceshield without the goggles. Finally, safety glasses are no substitute for goggles when handling hazardous liquids.


The issue of contact lenses arises frequently in discussions about eye protection (American College of Occupational and Environmental Medicine 2003). If liquids with no irritating fumes are being handled, contact lenses may be used safely in conjunction with appropriate goggles. Conventional goggles offer no protection against harmful vapors, which can become trapped beneath the lenses, causing corneal damage. If your eyes sting or water, your inhalation exposure is almost certainly beyond permissible or prudent limits. Regardless of whether you wear contact lenses, do not work under those conditions, even for brief periods.


Gloves are the most controversial PPE, and misinformation abounds. It is important to understand how gloves work, so that informed decisions can be made about glove selection. Glove material is rarely completely impermeable; it delays penetration of harmful material for a time sufficient to provide adequate protection. Chemical resistance refers to how well material holds up in the presence of solvents, but says nothing about how readily substances move through the material. In most cases, liquids rarely penetrate intact glove material. The vapors are the problem, both because they penetrate more efficiently through gloves and skin, and because the worker usually cannot detect them. Reputable manufacturers of gloves evaluate their products in standardized tests, measuring the time it takes for detectable amounts of a particular chemical to appear on the far side of the material. This is called the breakthrough time, and it increases non-linearly with glove thickness. A glove twice as thick as another made from the same material will not have a breakthrough time that is double that of the thinner glove. Schwope et al. (1987) present the most comprehensive listing of data on this subject.


Latex is one of the most permeable of all glove materials. Thick (8 mil) rubber gloves have a breakthrough time of 12 minutes with formaldehyde solutions. Latex surgical gloves are so thin (1.0–1.5 mil) that they offer no effective protection against formaldehyde or histological solvents. These gloves are suitable only for protection from biohazards. Keep in mind the startling increase in the incidence of latex sensitization, which has accompanied the widespread use of these gloves since the beginning of the AIDS epidemic.


Nitrile gloves are the best option for histological use. They are available in surgical-type thinness for brief intermittent exposures where fine dexterity is necessary. Exposures that are more serious can be safely tolerated with 8 mil nitrile gloves. Remember, however, that no glove material is effective against all classes of chemicals, and nitrile is no exception. Some chemicals in wide histological usage (xylene, toluene, chloroform) will permeate nitrile in seconds.


Respiratory protection against chemical vapors should rarely if ever be needed except in emergencies. Regulatory agencies stress that respirators are the protective equipment of last resort. No one in histology should be in a workplace whose vapor levels are even transiently higher than the PELs. Wearing respirators is uncomfortable, expensive and fraught with compliance hassles. Leave them to the people specially trained not only in respiratory use but also in dealing with such dangerous environments.


In the following discussion, the word ‘should’ is used, but substitute ‘must’ in countries having stringent respiratory protection standards. Workers should receive special training for wearing respirators because of the complexities of proper usage. Each worker needing this level of protection should be individually fitted with a respirator that exactly fits the contours of the face. The efficacy of the fit is then assured through a series of complicated tests that should be documented and repeated on a periodic basis. Workers should undergo medical evaluations and respiratory function tests to determine if they are physically qualified to wear respirators. Cartridges for respirators must be chosen carefully for the chemical environment. Both the type of chemical and the vapor concentration are vitally important considerations. Respiratory protection from airborne infectious materials is another matter altogether. Surgical masks are unacceptable because they fit poorly and have too large a pore size to filter out aerosols. HEPA (high efficiency particulate air) filters are suitable. Workers wearing HEPA masks may have to comply with applicable provisions of respiratory protection standards.









Ventilation


Ventilation is the foremost engineering control; ensuring proper airflow through a laboratory is the first critical step in improving working conditions. Every laboratory scientist should be aware of the following basic principles. For further details on hood design and placement, see Dapson and Dapson (2005) and Saunders (1993). Laboratories should have two separate systems of ventilation, one for general air circulation (often combined with heating and air conditioning and called HVAC), and the other for local removal of hazardous fumes. They must work in concert to be effective, and must not merely shift the noxious vapors to another part of the facility.


General ventilation is for the physical comfort of the occupants of the room. Each hour, the entire volume of room air should be exchanged 4–12 times. That air should not contain significant quantities of hazardous vapors. If such vapors are originating somewhere in the room (from a grossing area, for instance), they should be dealt with at their source with an independent system of local ventilation.


Properly designed chemical fume hoods enclose the emission area, isolating it structurally and functionally from the rest of the room. A motor somewhere in the ductwork (preferably far from the hood) moves air directly to the outside. A sliding door (sash) usually fronts the system, and is an integral part of the way it works by controlling the face velocity of air entering the enclosure. It is a common misconception that high face velocities are good. In fact, strong airflow may create such turbulence inside the hood that contaminated air spills back out into the room. For vapor levels usually encountered in histology labs, a face velocity of 80–120 linear feet per minute is ideal. Control this by adjusting the height of the sash. As lifting the sash enlarges the opening, face velocity declines. Either a vaneometer built into the hood or obtained as an inexpensive handheld device measures face velocity. Always keep the sash at least partially open (unless the hood is designed to admit room air from another port) to prevent overtaxing the motor.


Improperly designed hoods will not be able to achieve optimal face velocity with the sash opened to a comfortable working height. Avoid these literally at all costs, for your facility’s money will only be wasted, giving you a false sense of security. There are important dimensional considerations that determine a hood’s effectiveness: the hood will develop dangerous eddies if too shallow and may not be able to move the full volume of air if too expansive.


There are other, external factors that influence how a hood works, and all center on the air supplied to the face of the hood. It should be obvious that a device removing air from a workplace must have a supply to draw upon. This is in addition to the amount required by the general ventilating system to exchange 4–12 room air changes per hour. Heating and air conditioning must also be balanced to account for the removal of air through the hood. Location of a hood is critical. Airflow into the face should be smooth and unimpeded. Surprisingly strong crosscurrents are generated by doors opening and closing, or by people walking by. Even the draft from general HVAC ducts can adversely affect hood performance. Any of these disturbances can draw harmful vapors out of the enclosure into the room, even against a net inward flow of air. Locate the hood, and by inference the hazardous work area, out of main traffic patterns and away from HVAC ducts.


Do not use fume hoods as storage or disposal devices. Objects within a hood disrupt airflow, and may block important air passages. Containers that emit vapors should not be placed within a hood except as a temporary safety measure. Remove the offending substance as soon as possible and put it into a secure container. Finally, do not put a waste chemical into a hood for evaporating it away unless there is no alternative in an emergency. Doing so is probably a violation of environmental regulations, and it may exceed the capacity of the hood to carry fumes away safely.


Ventilation devices other than fume hoods are used in histology labs; few are suitable unless vapor levels are already low. A non-enclosed system, such as a duct located above or behind the work area, may be powerful enough to draw contaminated air away from the worker as long as no crosscurrents are generated, but that is an unrealistic assumption. Workers must move about, and that usually destroys the effectiveness of unenclosed devices. Hoods that return air to the room after passing it through a filter may be suitable for localized workstations generating modest vapor emissions. Filters must be chosen with care. Vapor levels will dictate the size needed. Formaldehyde is not effectively captured by the filtration media used for solvent vapors. Filters become loaded and must be replaced, but how often this occurs is usually a mystery until odors are noticed out in the room. Since most workers in histology labs have impaired senses of smell, dangerous vapor levels may accumulate before anyone detects them. If filtration devices must be used, figure out how to determine effective life of the filters and establish a strict replacement regimen.


Air purification systems based upon ozone should not be used. They generate a chemical that is more hazardous than most of the fumes found in histology labs: ozone has a Ceiling Limit of 0.1 ppm according to ACGIH®. Further, ozone from these purifiers does not seem to be effective in destroying formaldehyde vapors (Esswein & Boeniger 1994).









First aid


With laboratory chemicals, the most common accidents requiring first aid are ingestion, eye contact and extensive skin contact. All health care professionals should have basic training in dealing with these situations at least and preferably with all aspects of first aid. Yearly safety training should include preparedness exercises on the most likely chemical accidents. Ingestion is encountered with patients and other non-laboratory staff, and frequently involves formalin. This is a tragic consequence of administrative neglect of basic safety issues. Laboratory chemicals should never be accessible to unattended patients, particularly those who because of age or illness are unable to think clearly about their actions. Improperly labeled containers are another cause of accidental ingestion. Patients should not be allowed to take fixed surgical specimens home; they present such a large risk from poisoning that no argument to the contrary is sufficient. If a body part needs to be specially cared for as part of a religious need, it should be given only to a responsible adult who can assure that it will never be accessible to unattended children.


First aid for ingestion of hazardous chemicals is not a simple matter. Some reagents will cause more damage if vomited and subsequently aspirated into respiratory passages; others are so toxic that the risk of aspiration is outweighed by the necessity to get the offending substance out of the body quickly. To solve this dilemma, some countries have established sophisticated networks of emergency response teams, which are admirably qualified to provide the best advice. If you have access to a Poison Control Center, or something similar, post the telephone number on each telephone in your laboratory. Time is of the essence in such emergencies, and preparedness may save a life. If enough people are available, get the victim to the emergency room while someone else contacts a Poison Control Center. If outside help is not possible, give a conscious victim a large quantity of water.


Splashing of dangerous chemicals into eyes is a common accident among those who fail to wear suitable goggles. Except for concentrated mineral acids, routine histological chemicals, including formaldehyde, are not likely to cause serious harm to eyes as long as proper treatment immediately follows an accident. All labs should be equipped with emergency eyewash stations, as either freestanding devices or small appliances affixed to sink faucets (the latter must be tested frequently to assure free flow of water). Current recommendations are to have such devices no more than 10 seconds or 30 meters from hazardous work areas. Ideally, the water temperature should be controlled to a range of 15–35°C. Portable eyewash bottles are not recommended and may be deemed unacceptable by regulatory agencies. These containers hold little liquid and may become contaminated with microorganisms.


Rinse the affected eye for 15–30 minutes, pulling the lids away from the eyeball. This is a seemingly interminable period, but do not shorten it. Emergency health care should be sought only after this treatment.


Treatment of skin contact with hazardous chemicals is simple: wash with water for 15–30 minutes. A quick rinse will not be sufficient for the more dangerous chemicals. Emergency showers should be as accessible as eyewash stations. If the substance is not readily water-soluble, use soap with the water wash. Immediately remove contaminated clothing, including wet shoes. Launder before wearing again, or discard the article. Formaldehyde-soaked leather will be difficult to salvage.









Radiation


The advantages of using radioactive chemicals are rarely sufficient to justify their risks to health and the environment. Exceptions may pertain to therapeutic radioisotopes used as tracers. These emit very low levels of poorly penetrating radiation, and have half-lives measured in hours.


If radioactive substances are handled, a qualified radiation safety officer must oversee all aspects of the project, including waste disposal. Participating staff must be specially trained in radiation safety. This will allay fears as much as create a responsible work force. The work area should be monitored periodically with a radiation detector. Workers should wear dosimeters.









Storage of hazardous chemicals


Most laboratory chemicals can be safely stored in conventional cupboards. Dangerous liquids are best stored below countertop height to minimize the risk of bodily exposure in case a bottle is dropped and broken. Buy dangerous reagents in plastic or plastic-coated glass bottles whenever possible. Special storage provisions are warranted for acids, flammables, radioactive isotopes, controlled substances and hazardous chemicals in bulk containers.


Specialized acid cabinets are designed to contain the fumes emanating from most containers of strong mineral acids. They should be vented to the outside, using acid-resistant ductwork. Curiously, many of these storage devices contain some mild steel parts, which soon rust. Choose this equipment carefully for that reason. Paper labels on acid bottles should be checked periodically for corrosion that could lead to illegibility. Other special storage cabinets are usually mandated for all but the smallest quantities of flammable materials. These are designed to contain a fire within the cabinet. If they are vented, provisions must be made in the ductwork to prevent the spread of fire from the cabinet.


Certain flammable liquids present unusual fire and explosion risks because of their highly volatile nature and very low flash point. Isopentane and diethyl ether (‘ether’) are common examples. Opened containers cannot be resealed reliably. Never store these in a refrigerator or freezer unless these appliances are certified as suitable for an explosive atmosphere (mistakenly referred to as ‘explosion-proof’). The best advice is to avoid using these chemicals altogether. If that is not possible, buy only the quantity immediately needed, use it up if possible and do not try to store any leftovers.


Radioactive chemicals and controlled substances must be stored separately from other reagents. Cabinets should be locked. Access should be limited to a few specially qualified people.


Large containers present other risks. Even 5-gallon (20-liter) quantities can be too heavy for people to handle, especially for pouring operations. Equip these containers with spigots and keep the spigot above fluid level when not in use. Larger drums more than 200 liters require special handling equipment for moving and dispensing. Be sure any pumping device is completely compatible with the chemical. Avoid mild steel parts for fixatives and most plastics for xylene and toluene.


Transporting hazardous materials from storage to work areas can be risky. Carry glass containers with both hands, one hand beneath the jar or bottle. Rubber buckets should be used to carry highly dangerous materials like glass containers of mineral acids.









Spills and containment


Preparedness for spills begins with laboratory design. The goal is to prevent hazardous materials from reaching the outside environment. There should be no open floor drains unless they lead to special containment equipment that can be pumped out or drained by a hazardous waste hauler. Floor drains for showers can be built with a low dyke that prevents liquids on the floor from entering and keeps most of the water from the shower from getting out onto the floor.


How laboratory personnel respond to a spill will depend upon the nature of the hazard, the volume of the spill and the qualifications of the staff. Each chemical should be evaluated with these factors in mind. A gallon of alcohol spilled onto the floor presents a risk of fire but little health hazard, while the same quantity of formalin could be life threatening (20 ppm is imminently hazardous to life). Small spills are defined as those that can be safely handled by the immediate staff. Large spills present risks that surpass the qualifications of the same people to deal safely with the emergency and require specially trained HazMat or emergency response teams.


Develop plans for dealing with each family of hazardous material (acids, bases, flammables, etc.). Detail exactly what protective equipment is needed, and how each type of spill will be handled. Establish who will be called in the event the spill requires outside help, then contact them so they will be prepared. They may want an on-site visit to familiarize themselves with your facility’s layout, and certainly will want to discuss the types and magnitudes of hazards. Finally, train the laboratory staff on spill procedures and practice doing it with harmless material. Not having had the time to do this will prove to be a sorry excuse when the accident occurs.


If the amount of spilled material is limited to a few grams or milliliters, simply wipe it up with towel or sponge, protecting your hands with suitable gloves. Dispose of the towel or sponge appropriately; do not put it into the general trash, and protect the room from its vapors by sealing it within an impermeable plastic bag or other container.


In contrast to such very small incidents, an entirely different approach should be used for any other spills of dangerous materials. All personnel should evacuate the room or immediate vicinity of the problem. Assemble in a designated spot, and be certain everyone is there. On your way out, watch for your co-workers and assist anyone needing help getting out. Provide first aid if anyone has been splashed or is feeling the effects of vapors. Calmly discuss the magnitude of the spill and determine if it is large or small. There should be no mention of cause or blame here: it is immaterial to the immediate problem. If the spill is large, call an emergency response team and seal off the area. If small, decide how to handle the spill based on prearranged plans.


Spill neutralizing and containment kits should be available immediately outside the hazardous work area. These may be commercially purchased or assembled from common materials, and should include protective equipment and cleanup aids. Nitrile gloves similar in thickness to dishwashing gloves are adequate for most spills likely in histology; several sizes are available. Splashproof goggles and a faceshield are important. Provide disposable plastic aprons for chemical spills and disposable gowns for biohazards. If the staff is qualified and trained, equip the kit with respirators appropriate for the type of spill (a HEPA respirator for biohazards).


A good basic kit would also include cleanup items such as a dustpan and brush for powders, sponges, towels and mops for liquids, adsorbent material (vermiculite, kitty litter or a commercial sorbent), bleach (sodium hypochlorite) for biohazards, baking soda for acids, vinegar (5% acetic acid) for alkalis, and a commercial formalin neutralizing product. Have a sealable plastic bucket and heavy plastic bags for containment of the salvaged waste. Kits that are more sophisticated would contain instantaneous vapor monitoring devices so that the contaminated area can be checked before cleanup operations begin. Remember: the level of expertise of the staff will dictate how far to go with this.









Recycling


One effective way to control hazardous chemicals is through recycling, as this reduces the quantities purchased, stored and discarded. Many clearing agents, alcohol and formalin can be recycled satisfactorily with proper equipment. Because these are the highest-volume chemicals in histology, the cost savings can be impressive, despite an initial outlay of capital funds.


Formalin is a mixture of volatile formaldehyde and nonvolatile salts in a solvent of water or water and alcohol (the small amount of stabilizing methanol can be ignored). Used solutions also contain solubilized and particulate components from the specimens. Through the process of simple distillation, water and formaldehyde are separated from all the other constituents. While that leaves the undesirable parts behind, the recycled product now lacks its salts and may not be at the proper concentration. Formaldehyde content can be assayed with a simple kit and adjusted as necessary. Fresh salts are readily restored to the solution.


Solvents should be fractionally distilled, as some of the contaminants in the waste are also volatile. Simple distillation will not separate these, and the resultant product may contain unacceptable amounts of water.


The most common problem with good distillation equipment is a foul amine odor detectable in the recycled product. It comes from deamination of protein in the waste during the distillation process. The freed amines evaporate readily and pass over with the other volatile components. Keeping the distillation chamber scrupulously clean is usually the key to avoiding the problem altogether. Formalin that has been heavily enriched with blood protein (as from fixing placentas) may require diluting with less bloody waste formalin. Pre-filter solutions contain many tissue fragments or coagulated protein.









Hazardous chemical waste disposal


Health care facilities are to prevent and treat illness, yet they are significant contributors to environmental harm especially in countries that have seen significant improvements in industrial pollution. On the other hand, if an effective pollution prevention program has been put into effect, there should be little waste to deal with. Reducing toxics use by substitution and minimization, coupled with recycling, could lead to amazingly low quantities of waste to be hauled away. The three highest-volume reagents, formalin, alcohol and clearant, can all be recycled. Formalin can be replaced with an effective glyoxal-based fixative that is drain-disposable in nearly all communities because of its ready biodegradability and low aquatic toxicity.


Options for disposal of hazardous chemical waste depend heavily upon national and local regulations, but the following recommendations should be valid anywhere. First, keep waste streams separated; do not mix different chemicals together unless told to do so by a qualified waste official. Second, know the hazard(s) of the waste. Is it flammable? Water-soluble? Toxic? Each of these factors affects the choice of disposal method. The best option for disposal is to pour the waste down the sanitary drain, from which it can be treated before entering the environment. Such waste, however, must not harm the biological processes that waste treatment facilities depend upon; nor must it pass through the system untreated. An example of the former would be formaldehyde in sufficient strength and quantity to kill off the bacteria driving the treatment process. Xylene typifies the latter, because its rate of biodegradation is too slow to be affected by the 1–3 day residence time in the wastewater treatment plant.


Formaldehyde is readily biodegradable. Nearly all organisms have an enzyme, formaldehyde dehydrogenase, which decomposes this chemical. The trick is to feed it into the system slowly enough so that it is diluted below toxic concentrations by the normal flow of water. Never dilute toxic material before pouring it down the drain, or follow disposal by ‘flushing with copious amounts of water’; this practice increases the volume passing through the treatment plant, which shortens the residence time and may impair biodegradation.


Work with your wastewater authorities, inform them of the nature of the waste (chemical composition and hazardous characteristics), and offer material safety data sheets. Propose a plan for disposal which includes the volume of waste, the time period over which it will be dumped, and the frequency of disposal. For example, you may wish to dispose of large quantities of waste formalin containing 3.7% or 37,000 ppm formaldehyde over a 1-hour period each working day. This could be accomplished by trickling the waste into a sink from a carboy equipped with bottom spigot adjusted so that it takes an hour to become empty. There would be no risk to the treatment plant at this flow rate of 2 ml/second. Dumping a large volume of waste all at once is not good because it tends to travel in a slug and may fail to become sufficiently diluted to protect the treatment plant.


Some waste can be rendered more acceptable for drain disposal. Acids and bases can be neutralized and formalin can be detoxified with commercial products. Be sure the pretreatment process is safe, effective and acceptable. Never attempt to detoxify formalin by mixing with bleach (sodium hypochlorite) or ammonia. Both reactions are exothermic and could quickly get out of control, spewing vapors and hot fluid all over the lab. Know what the reaction products are, and be certain that they are indeed suitably low in toxicity. Water-insoluble solvents are never drain disposable, even if purportedly biodegradable. If they are combustible with sufficiently high caloric value, they may be eligible to be mixed with the fuel in an oil-fired heating system in certain countries. Good candidates for this option are any of the clearing agents except the halogenated solvents chloroform, trichloroethane and their relatives. Note that this method is not burning the waste in an incinerator. The difference is subtle but important. An incinerator exists for the sole purpose of destroying waste, while a furnace provides heat.


If you cannot get rid of a waste by drain disposal or combustion in a furnace, you must resort to a waste hauler. In some countries, the waste generator (your facility) bears the ultimate responsibility and liability for the waste that someone else takes away and supposedly deals with properly. If you are generating waste that must be removed from the premises for burial or incineration, you should do everything possible to eliminate that chemical from your lab. There is no better advice; however, you want to view it, whether from a financial, health or environmental perspective.












Control of biological substances hazardous to health and the environment






Preparation


An Exposure Control Plan for biohazards should be written. It may be part of the Chemical Hygiene Plan or an independent document, but definitely should be part of your SOPs. As with chemical hazards, workers should be trained initially, refreshed at least yearly and immediately introduced to any new procedures that present additional risks.









Handling


People who work in histology laboratories may not be exposed to quite the level of risk that many health care workers are, but they face hazards that may be more subtle. There are three potential routes of exposure: inhalation of aerosols, contact with non-intact skin and contact with mucous membranes (eyes, nose and mouth). Knowing how infectious agents can reach you is the foundation of protecting yourself and your co-workers. Practice universal precautions: handle every specimen as if it were infectious.


Fresh specimens of human origin must always be considered potentially infectious. Most animal tissue does not carry that risk, but there are important exceptions. Species known to be capable of transmitting disease to humans, and animals intentionally infected or known to be naturally infected with transmissible diseases, must be handled with the same precautions as would be used for human tissue.


The first and most obvious source of biological risk is with fresh tissue and body fluids; grossing carries the highest risk of all histological activities. Fixed specimens have a much-reduced risk because nearly all infectious agents are readily deactivated by fixation. Specimens must be thoroughly fixed for this to happen. Certain tissues like liver, spleen, placenta and lung do not fix well unless grossed thinly, and may remain raw (unfixed) in the center after days of exposure to the fixative. Those centers are potentially infectious. Some fixatives require more time than that available in rushed pathology labs, so tissues in the first several stations of a tissue processor may remain biohazardous. Complete penetration by alcohol will kill all infectious agents except prions, so it is safe that properly processed specimens are free from microbial risk and can be handled without special precautions.


Prions, the agents of spongiform encephalopathies like Creutzfeldt-Jakob disease, scrapie, chronic wasting disease and mad cow disease, present a more difficult challenge. Even normal steam sterilization fails to inactivate these particles, and common effective chemical treatments like sodium hypochlorite and phenol create artifacts in tissue. Histological specimens can be decontaminated by immersion in formalin for 48 hours, followed by treatment for 1 hour in concentrated formic acid and additional formalin fixation for another 48 hours. Rank (1999) reviewed the risks and decontamination protocols for histology labs.


Cryotomy presents special risks because tissue is usually fresh. Small dust-like particles generated from sectioning may become airborne, a risk vastly magnified with the use of cryogenic sprays. Do not clean the cabinet with a vacuum unless the device is equipped with a HEPA filter. Sterilize surfaces with chlorine bleach or a suitable commercial disinfectant; avoid formaldehyde solutions as these present a chemical risk to the person doing the cleaning. Good-quality latex or nitrile surgical gloves are perfectly acceptable protective devices for biohazards. Goggles should be worn during grossing anyway to protect against chemical splashes, and will do double duty against infectious agents. A faceshield may be warranted in some cases. Aprons or laboratory coats will keep clothes clean, but do not wear these used protective articles outside the laboratory (especially to the cafeteria!).









Disposal of biohazardous waste


Biohazardous waste should be incinerated on-site or hauled away. Either way, potentially infectious waste ought to be segregated from chemical and non-regulated waste, which may be barred from incinerators designed for biohazardous materials. Fixed wet specimens and their fluid are chemically hazardous and may be infectious. Together they pose a difficult problem.












Control of physical hazards






From equipment


Equipment may present risks from electrical and mechanical factors, which can be minimized by proper installation, care and personnel training. Keep a log for each piece of equipment, listing its installation date, the person and firm performing the installation, and the initial diagnostic test results that assure the item is working properly. Include a schedule for preventive maintenance and a complete service record is good laboratory practice.


Electrical shock most often arises from improperly grounded devices. Have a qualified person verify that all outlets are properly polarized and grounded. Plug equipment into outlets, not into extension cords.


Electrical equipment poses a risk of igniting flammable vapors. Nearly all switches may spark, including those associated with doors. Devices sold as ‘explosion-proof’ have their switches sealed to prevent contact with flammable vapors. Refrigerators and freezers must never be used to store highly flammable chemicals like ether and isopentane unless they are rated as suitable for flammable environments. Likewise, household microwave ovens should not be used to heat flammables because the door interlock switch may spark (this switch stops the magnetron when the door is opened). Some laboratory microwave appliances vent the chamber sufficiently to prevent potentially explosive vapor concentrations from building.


Today, mechanical dangers from histological equipment are generally confined to burns from hot surfaces. Most modern devices have adequate safety features that have eliminated some of the more common hazards encountered decades ago. If you use older equipment, be aware of its shortcomings. Many centrifuges have lockout devices that prevent the lid from being opened while the rotor is moving. Distillation equipment should be purchased only if it has safety features that include high temperature and low liquid volume cutoff switches. Specialized apparatus for electron microscopy should be used only by people specially trained in the inherent risks.


Devices that emit an open flame (such as Bunsen burners or alcohol lamps) must never be used in an environment where flammable solvents are present. Electrical appliances for heating or sterilizing are far safer and more convenient than a gas-fired or alcohol-fueled implement.


Broken glass and disposable microtome blades present risks, particularly if they are contaminated with chemical or biological material. Special ‘sharps’ containers are used for the disposal of such items. Microtomes and cryostats are particularly dangerous; be sure to remove blades before cleaning such equipment.












Hazards and handling of common histological chemicals


Extracting succinct information from data sheets and reference books is a time-consuming task that has served as a major impediment to designing proper training programs and labels. The following compilation includes most of the chemicals commonly used in histology laboratories on a routine basis. Permissible exposure values are from OSHA unless otherwise indicated as being taken from ACGIH® (2004) or NIOSH (2003). All IDLH values are from NIOSH and Biological Exposure Indices (BEIs) are from ACGIH®. Many PELs have been revised downward since 2002. The listed hazards are applicable to the quantities normally handled on a laboratory scale and may be inappropriate for bulk quantities. Recommendations for glove material are from Schwope et al. (1987). In reality, selection of glove material may have to balance chemical resistance against practicality for the tasks likely to be encountered. Some chemicals have been deemed essentially non-hazardous under normal laboratory conditions of use.


The intent of this section, and indeed this entire chapter, is to provide guidelines for a safe workplace. Most hazardous chemicals can be handled safely with a minimum of effort and equipment, but a few cannot. These have been identified clearly and should be eliminated or at least reduced to the smallest quantity possible. Suitable substitutes have been identified. The toxicology of most chemicals is not well known, and new information, usually damaging, continues to become available.




Acetic acid. TWA = 10 ppm; STEL = 15 ppm (ACGIH®); IDHL = 50 ppm. Irritating to respiratory system (target organ effects); concentrated solutions are severe skin and eye irritants, corrosive to most metals and combustible (flash point = 43°C). Avoid skin, eye and respiratory contact. Use a chemical fume hood, nitrile gloves, goggles and impermeable apron when dispensing concentrated acid. Do not use rubber (latex) gloves. Always add acid to water, never water to acid, to avoid severe splattering. Do not mix concentrated (glacial) acetic acid with chromic acid, nitric acid or sodium/potassium hydroxide. Dilute (1–10%) aqueous solutions are relatively benign.


Acetone. TWA = 1000 ppm (500 ppm ACGIH®, 250 ppm NIOSH); STEL 750 ppm; BEI = 50 mg acetone/liter of urine at the end of the shift. Highly flammable (flash point = −16°C) and very volatile. Great risk of fire from heavy vapors traveling along counters or floors to a distant ignition source. Not a serious health hazard under most conditions of use but be aware that acetone can be narcotic in high concentration. Inhalation may cause dizziness, headache and irritation to respiratory passages. Skin contact can cause excessive drying and dermatitis. Moderately toxic by ingestion. Protect skin with Neoprene gloves.


Aliphatic hydrocarbon clearing agents. TWA = 196 ppm (manufacturer’s recommendation). Very low toxicity: non-irritating and non-sensitizing to normal human skin. Combustible (40°C) or flammable (flash point = 24°C). Limit skin exposure to minimize de-fatting effects. Neoprene or nitrile gloves are satisfactory. Recycle by fractional distillation, burn as a fuel supplement or use a licensed waste hauler for disposal.


Aluminum ammonium sulfate, aluminum potassium sulfate and aluminum sulfate. Not dangerous in laboratory quantities except as eye irritants.


Ammonium hydroxide. TWA = 50 ppm OSHA (25 ppm ACGIH®); STEL = 35 ppm as ammonia gas; IDLH = 300 ppm. Severe irritant to skin, eyes and respiratory tract. Target organ effects on respiratory system (fibrosis and edema). Wear rubber or nitrile gloves. Store away from acids. Do not mix with formaldehyde as this generates heat and toxic vapors. Spills of 500 ml or more may warrant evacuation of the room.


Aniline. TWA = 5 ppm (2 ppm ACGIH®) with additional exposure likely through the skin; IDLH = 100 ppm. A very dangerous reagent, which should not be used if possible. Moderate skin and severe eye irritant, sensitizer, toxic by skin absorption, carcinogen. Excessive exposure may cause drowsiness, headache, nausea and blue discoloration of extremities.


Celloidin (stabilized nitrocellulose). Harmless as a health hazard but dangerously flammable as a solid. May deteriorate into a crumbly, potentially explosive substance requiring professional assistance for removal. Solutions usually contain highly flammable ether and alcohol.


Chloroform. CL = 50 ppm; STEL = 2 ppm (NIOSH); IDLH = 500 ppm. Toxic by ingestion and inhalation. Overexposure to vapors can cause disorientation, unconsciousness and death. Target organ effects on liver, reproductive, fetal, and central nervous, blood and gastrointestinal systems. Carcinogenic. Practical glove materials are not available. This is one of the most dangerous and difficult chemicals in histology because workers in most laboratories simply cannot receive adequate protection from vapors and skin contact. Legitimate disposal may be very challenging. Do not burn. Do not evaporate solvent to the atmosphere. Avoid all use.


Chromic acid (chromium trioxide). TWA = 0.5 mg chromium/cubic meter (ACGIH®); CL = 0.1 (0.05 ACGIH®) mg chromium/cubic meter; IDLH = 15 mg chromium/cubic meter. Highly toxic with target organ effects on kidneys; corrosive to skin and mucous membranes; carcinogenic. Strong oxidizer. Avoid all skin contact. Nitrile, latex and Neoprene gloves are not suitable except for limited contact; suitable protective material not readily available or practical for laboratory use. Chromium is a serious environmental toxin. Drain disposal is not a legitimate option for any solution containing chromium, including subsequent processing fluids following fixation or rinses after staining procedures involving chromium. Give this chemical high priority for complete elimination from your lab.


Diaminobenzidine (DAB). Human carcinogen. Solutions pose little health risk under normal conditions of use. Disposal of DAB and subsequent rinse solutions down the drain creates environmental problems. These wastes can be detoxified with acidified potassium permanganate according to the methods of Lunn and Sansone (1990); see Dapson and Dapson (2005) for a simplified procedure. Do not use chlorine bleach, as the reaction products remain mutagenic (Lunn & Sansone 1991).


Dimethylformamide (DMF). TWA = 10 ppm; additional exposure likely through skin contact; IDLH = 500 ppm. Eye, nose and skin irritant. May cause nausea. May be a reproductive toxin. Facilitates transport of other harmful materials through skin and mucous membranes. Combustible liquid (flash point = 136°F). Avoid all skin and respiratory contact. Use DMF only in a fume hood with suitable gloves (butyl rubber). Common glove materials do not provide adequate protection. Dispose of DMF only through a licensed waste hauler.


Dioxane (1,4-dioxane). TWA = 100 pm (20 ppm ACGIH®); additional exposure likely through skin contact; CL 1 ppm (NIOSH); IDLH = 500 ppm. Skin and eye irritant: overexposure may cause corneal damage. Readily absorbed through skin and mucous membranes. Delayed target organ effects in central nervous system, liver and kidneys. Only butyl or Teflon gloves are suitable. Flammable liquid, which develops explosive properties (peroxides) after a year. Do not recycle, as the risk of creating explosive peroxides increases greatly. Avoid all use of this chemical.


Dyes. There are thousands of dyes and many have been implicated in causing cancers in rats under highly unrealistic circumstances. All should be handled with due caution when in the powder state, but liquids pose little risks except through skin contact and ingestion. Dyes containing the benzidine nucleus are now considered known human carcinogens and must be treated accordingly in both handling and disposal. See the section on carcinogens earlier in this chapter for examples.


Ethanol. TWA = 1000 ppm. Skin and eye irritant. Toxic properties are not likely to be significant under intended conditions of use in a laboratory. Use butyl or nitrile gloves, not rubber or Neoprene. Flammable liquid. Recycle via distillation.


Ether (diethyl ether). TWA = 400 ppm. Mild to moderate skin and eye irritant. Overexposure to vapors can produce disorientation, unconsciousness or death. Target organ effects on nervous system following inhalation or skin absorption. Dangerously flammable liquid that forms explosive peroxides. It is extremely volatile and difficult to contain. Do not store in a refrigerator or freezer unless the appliance is rated for an explosive atmosphere. Use a licensed waste hauler. Because of the uncontrollable physical hazard, avoid use of this substance if possible.


Ethidium bromide. May be harmful by ingestion, inhalation or absorption through the skin. Irritating to skin, eyes, mucous membranes and upper respiratory tract. Chronic exposure may cause alteration of genetic material. Dispense powder under a fume hood and wear any type of gloves.


Ethylene glycol ethers (ethylene glycol monomethyl or monoethyl ether, Cellosolves). TWA = 200 ppm (5 ppm (ACGIH®); additional exposure likely through skin. Toxic by inhalation, skin contact and ingestion, with target organ effects involving reproductive, fetal, urinary and blood systems. Combustible liquids (flash point = 43–49°C). Avoid all use, substituting propylene-based glycol ethers. If substitution is not possible, wear butyl gloves and use a fume hood for all tasks involving these reagents.


Formaldehyde and paraformaldehyde. TWA = 0.75 ppm (0.016 ppm NIOSH); STEL = 2 ppm; CL = 0.3 ppm for 15 minutes ACGIH® (0.1 ppm NIOSH); IDLH = 20 ppm. Severe eye and skin irritant. Sensitizer by skin and respiratory contact (this is the most serious hazard for most laboratory workers). Toxic by ingestion and inhalation. Target organ effects on respiratory system. Carcinogen. Corrosive to most metals. All workers exposed to formaldehyde should be monitored for exposure levels on a periodic basis. Exposure of the skin during grossing is the greatest risk in a well-ventilated lab. Latex surgical gloves are nearly worthless as protective devices. Thin nitrile gloves are better but cannot be used safely for extended periods. Recycle as much waste as possible by distillation and have the remainder taken away by a licensed waste hauler or detoxified by a commercial product. Drain disposal of limited quantities of formaldehyde may be permitted in some communities. Satisfactory substitutes are now available worldwide and offer substantial technical advantages.


Formic acid. TWA = 5 ppm; STEL = 10 ppm (ACGIH®); IDLH = 30 ppm. Mild skin and severe eye irritant. Corrosive to metal. Avoid skin, eye and respiratory contact; use a chemical fume hood. All common glove materials except latex are suitable. Always add acid to water, never water to acid, to avoid severe splattering.


Glutaraldehyde. CL = 0.2 ppm NIOSH (0.05 ppm ACGIH®). Severe skin and eye irritant; toxic by ingestion. Wear butyl or Neoprene gloves and use a hood.


Glycol methacrylate monomer. No established PELs. Sensitizer. Flammable liquid. Avoid all skin, eye and respiratory contact. Common glove materials are probably not suitable, based on information concerning other methacrylates. To avoid a dangerous exothermic reaction, do not polymerize large quantities of this monomer. Polymerize small quantities for disposal.


Glyoxal. No established PELs. Glyoxal solutions have no vapor pressure (do not give off fumes) and thus pose no inhalation risk. Irritant to skin and eyes. Ingestion may produce adverse fixative effects on the gastrointestinal tract. Wear nitrile gloves and goggles. Favorable ecotoxicity profile. An excellent substitute for formaldehyde-based fixatives.


Hydrochloric acid. CL = 5 ppm (2 ppm ACGIH®); IDLH = 50 ppm. Strong irritant to skin, eyes and respiratory system. Target organ effects via inhalation on respiratory, reproductive and fetal systems. Corrosive to most metals. Concentrated acid is particularly dangerous because it fumes. Use a fume hood, goggles, apron and gloves made of any common material except butyl rubber. Always add acid to water, never water to acid, to avoid severe splattering.


Hydrogen peroxide. TWA = 1 ppm; IDLH = 75 ppm. Solutions less than 5% are essentially harmless. Concentrated solutions are very hazardous and should not be used.


Hydroquinone. TWA = 2 mg/cubic meter; CL = 2 mg/cubic meter for 15 minutes (NIOSH). Irritant capable of causing dermatitis and corneal ulceration. Toxic by ingestion and inhalation. May cause dizziness, sense of suffocation, vomiting, headache, cyanosis, delirium and collapse. Urine may become green or brownish green. Lethal adult dose is 2 grams. All common glove materials are suitable except latex. Avoid contact with sodium hydroxide.


Iodine. CL = 0.1 ppm; IDLH = 2 ppm. Strong irritant and possibly corrosive to eyes, skin and respiratory system. Dermal sensitizer. Toxic by ingestion and inhalation. Wear nitrile gloves and use a hood when handling iodine crystals. Histological solutions are essentially harmless except if ingested.


Isopentane. TWA = 1000 ppm (600 ppm ACGIH®, 120 ppm NIOSH); CL = 610 ppm for 15 minutes; IDLH = 1500 ppm. Excessive exposure to vapors causes irritation of respiratory tract, cough, mild depression and irregular heartbeat. Ingestion causes vomiting, swelling of abdomen, headache and depression. Chilled isopentane may freeze the skin but otherwise is harmless to it. Extremely flammable (flash point = −57°C) and highly volatile, making this a very dangerous chemical. Never store it in a refrigerator or freezer unless the appliance is rated for an explosive atmosphere. Protect hands from frostbite.


Isopropanol. TWA = 400 ppm (200 ppm ACGIH®); STEL = 400 ppm; IDLH = 2000 ppm. Mild skin and moderate eye irritant. Toxic by ingestion. Flammable liquid (flash point = 12°C). Practically harmless except for flammability under normal conditions of use. Recycle by fractional distillation.


Limonene. No PELs established. Generally regarded as safe as a food additive in minute quantities, but a dangerous sensitizer when handled as in histology. May cause respiratory distress if inhaled. Use a hood and gloves (butyl, Neoprene or nitrile). Clearing agents containing limonene usually cannot be recycled back to the original product because they also include non-volatile antioxidants and diluents.


Mercuric chloride. TWA = 0.01 mg mercury/cubic meter; additional exposure likely through skin contact; IDLH = 10 mg mercury/cubic meter. Severe skin and eye irritant; target organ effects on reproductive, urogenital, respiratory, gastrointestinal and fetal systems following ingestion and inhalation. Severe environmental hazard. Corrosive to metals. Avoid all use if possible because of the impossibility of preventing environmental contamination. Most processing solutions will become contaminated with mercury if any specimens have been fixed in B-5, Helly’s, Zenker’s or similar fixatives. Reagents used to ‘de-Zenkerize’ sections release mercury. None of these must be allowed to go down the drain. Legitimate disposal of mercury-containing waste is difficult and very expensive, if not impossible, in some areas of the world. Replace mercuric fixatives with zinc formalin or glyoxal solutions.


Mercuric oxide. Strong oxidizer. See mercuric chloride for other information.


Methanol. TWA = 200 ppm, STEL = 250 ppm (ACGIH®); additional exposure likely through the skin; IDLH = 6000 ppm. Moderate skin and eye irritant. Toxic by ingestion and inhalation, with target organ effects on reproductive, fetal, respiratory, gastrointestinal and nervous systems. May cause blindness or death. Flammable (flash point = 12°C) and rather volatile. Use butyl gloves; other common glove materials are ineffective. Recyclable.


Methenamine. No PELs established. Powder may cause irritation; solutions pose little risk under normal conditions of use.


Methyl methacrylate monomer. TWA = 100 ppm (50 ppm ACGIH®); STEL 100 ppm ACGIH®; IDLH = 1000 ppm. Target organ effects from inhalation include fetal, reproductive and behavioral symptoms. Flammable liquid. May overheat dangerously if large quantities are mixed with polymerizing agents. Keep away from strong acids and bases. Common glove materials are not effective; use Teflon. Work in a hood. Polymerize small quantities for disposal.


Nickel chloride. TWA = 1.0 mg nickel/cubic meter (0.1 mg nickel/cubic meter ACGIH®, 0.015 mg nickel/cubic meter NIOSH); IDLH = 10 mg nickel/cubic meter. Carcinogenic to humans. Toxic by inhalation of dust. Solutions pose little risk to workers but are an environmental problem. Use gloves (any material) and hood when handling the powder. Do not use drain disposal for these solutions or for subsequent rinse fluids.


Nitric acid. TWA = 2 ppm; STEL = 4 ppm ACGIH®, NIOSH; IDLH = 25 ppm. Corrosive to skin, mucous membranes and most metals. Toxic by inhalation. Target organ effects on reproductive and fetal systems after ingestion. Oxidizer. Concentrated acid is very hazardous. Use Neoprene gloves for extensive use; nitrile, butyl and latex are not effective except to protect against minor splashes. Wear apron and goggles for handling any quantity. Always add acid to water, never water to acid, to avoid severe splattering. Explosive mixtures may be formed with hydrogen peroxide, diethyl ether and anion exchange resins.


Nitrogen, liquid. No PELs established. Asphyxiant gas: excessive inhalation may cause dizziness, unconsciousness or death. Use extreme caution to avoid thermal (cold) burns.


Osmium tetroxide (osmic acid). TWA = 0.0002 ppm osmium; STEL = 0.0006 ppm osmium (ACGIH®); IDLH = 0.1 ppm. Vapors are extremely dangerous. Corrosive to eyes and mucous membranes. Toxic by inhalation with target effects on reproductive, sensory and respiratory systems. Avoid all contact with vapors. Do not open containers in air. In a hood, score vial and break under water or other solvent. Information on protective glove materials is not available.


Oxalic acid. TWA = 1 mg/cubic meter; STEL = 2 mg/cubic meter; IDLH = 500 mg/cubic meter. Corrosive solid; causes severe burns of the eyes, skin and mucous membranes. Toxic by inhalation and ingestion, with target organ effects on kidneys and cardiovascular systems. Repeated skin contact can cause dermatitis and slow-healing ulcers. Will corrode most metals. Risks are minimal with quantities usually encountered in histology.


Periodic acid. No PELs established. Mild oxidizer. Quantities used in histology pose little physical or health risk.


Phenol. TWA = 5 ppm; additional exposure likely through skin contact; CL = 15.6 ppm for 15 minutes; IDLH = 250 ppm. Toxic by ingestion, inhalation and skin absorption. Readily absorbed through skin, causing increased heart rate, convulsions and death. Will burn eyes and skin. Target organ effects on digestive, urinary and nervous systems. Combustible liquid (flash point = 172°F). Avoid all contact if possible, or use extreme caution. Purchase the smallest quantity possible. Use only butyl rubber gloves and work only under a fume hood. Mixing concentrated formaldehyde and phenol may produce an uncontrollable reaction.


Phosphomolybdic and phosphotungstic acids. TWA = 1 mg/cubic meter ACGIH®; STEL = 3 mg/cubic meter ACGIH®, NIOSH; IDLH = 1000 mg/cubic meter. All PELs are expressed as the quantity of the metal molybdenum or tungsten. Oxidants. These reagents present minor risk under normal conditions of use in histology.


Picric acid. TWA = 0.1 mg/cubic meter; additional exposure likely through skin contact. Toxic by skin absorption. Explosive when dry or when complexed with metal and metallic salts. Do not move bottles containing dry picric acid; get professional help immediately. Do not allow any picric acid solutions, including yellow rinse fluids or processing solvents, to go down the drain, as these may form explosive picrates with metal pipes. Avoid all use if possible, substituting zinc formalin or glyoxal for Bouin’s or similar fixatives, and tartrazine for a yellow counterstain. If you must have it, check containers monthly to keep the salts wet. Always wipe jar and cap threads with a damp towel to prevent material from drying within them.


Potassium dichromate. See chromic acid for information on chromium toxicity.


Potassium ferricyanide and potassium ferrocyanide. Low toxicity to humans and the environment in quantities likely to be encountered in histology.


Potassium hydroxide. CL = 2 mg/cubic meter as dust (NIOSH, ACGIH®). Corrosive to eyes and skin. Use care when dissolving solids in water, as the reaction may be violently exothermic and cause splattering.


Potassium permanganate. Skin and eye irritant. Ingestion will cause severe gastrointestinal distress. Strong oxidant: do not mix with ethylene glycol, ethanol, acetic acid, formaldehyde, glycerol, hydrochloric acid, sulfuric acid, hydrogen peroxide or ammonium hydroxide. Use butyl gloves.


Propidium iodide. Mutagen, irritant and suspected carcinogen. Material is irritating to mucous membranes and upper respiratory tract. All common glove materials except latex are suitable.


Propylene glycol ethers. TWA = 100 ppm; STEL = 150 ppm (ACGIH®). Used as a less toxic substitute for ethylene-based glycol ethers.


Pyridine. TWA = 5 ppm (1 ppm ACGIH®); IDLH = 1000 ppm. Toxic by ingestion, inhalation and skin absorption. Overexposure causes nausea, headache and increased urinary frequency. Target organ effects on liver and kidneys. Irritant to skin and eyes. Highly offensive odor. Flammable liquid (flash point = 20°C). Use only under a fume hood, with butyl gloves. Do not mix with chromic acid.


Silver salts and solutions. TWA = 0.01 mg silver/cubic meter; IDLH = 10 mg silver/cubic meter. Skin and eye irritants. Ingestion will cause violent gastrointestinal discomfort. Little risk to workers when fresh, but some aged solutions become explosive. Serious environmental hazard. Do not discard solutions or rinse fluids down the drain. Silver may be recoverable in special equipment or by metal reclaimers.


Sodium azide. CL = 0.3 mg/cubic meter for the powder (NIOSH, ACGIH®). Poison, very toxic. May be fatal if swallowed or absorbed through the skin. Evolves highly toxic gas when mixed with acids. When used as a preservative in biochemical solutions there is little risk to workers except by ingestion and skin absorption. Forms explosive compounds with metals. Do not discard waste down the drain.


Sodium bisulfite. TWA = 5 mg/cubic meter (NIOSH, ACGIH®). Irritant to skin, eyes and mucous membranes. Strong reducing agent: keep from oxidants. Dilute solutions generally pose no risk.


Sodium hydroxide. See potassium hydroxide.


Sodium hypochlorite (liquid chlorine bleach). No PELs established. Eye irritant. May be toxic by ingestion unless diluted considerably. Strong oxidant, corrosive to most metals. All common glove materials provide suitable protection. Do not mix bleach with formaldehyde, aminoethylcarbazole (AEC) or diaminobenzidine (DAB).


Sodium iodate. Little risk likely with laboratory quantities. Use to replace mercuric oxide in Harris hematoxylin.


Sodium metabisulfite. See sodium bisulfite.


Sodium phosphate, monobasic and dibasic. Harmless to workers. May pose an environmental problem from eutrophication (over-enrichment of aquatic systems).


Sodium sulfite. See sodium bisulfite.


Sodium thiosulfate. Health risks are minimal under normal conditions of use in histology. Solutions used to ‘de-Zenkerize’ sections will contain significant amounts of mercury and are not discarded down the drain.


Sulfuric acid. TWA = 1 mg/cubic meter (0.2 mg/cubic meter ACGIH®); IDLH = 15 mg/cubic meter. Strong irritant to skin, eyes and respiratory system. Concentrated acid is especially dangerous because it fumes. Target organ effects from inhalation on respiratory, reproductive and fetal systems. Dilute solutions pose little risk. Corrosive to most materials. Use a fume hood, apron, goggles and gloves (any common material except butyl). Always add acid to water, never water to acid, to avoid severe splattering.


Tetrahydrofuran (THF). TWA = 200 ppm; STEL = 250 ppm; IDLH = 2000 ppm; BEI = 50 mg THF/liter urine at end of shift. Toxic by ingestion and inhalation. Vapors cause nausea, dizziness, headache and anesthesia. Liquid can defat the skin. Eye and skin irritant. Flammable liquid. Dangerous fire hazard because of low flash point (5°F) and high evaporation rate. Only Teflon gloves are suitable. Avoid all use, as there is no practical way to protect against skin contact.


Toluene. TWA = 200 ppm (50 ppm ACGIH®); STEL = 150 ppm; IDLH = 500 ppm; BEI = 50 mg o-cresol/liter urine at end of shift. Skin and eye irritant. Toxic by ingestion, inhalation and skin contact. Target organ effects on fetal, respiratory and central nervous system. Repeated exposure produces neurotoxic effects (impaired memory, poor coordination, mood swings and permanent nerve damage). Flammable (flash point = 5°C). Avoid all use if possible or restrict use severely. No common glove material will provide adequate protection. Substitute one of the short-chain aliphatic hydrocarbon clearing agents except as a diluent in mounting media and for removing coverslips. Exposure may be monitored by measuring the amount of methylhippuric acids in urine (see page 14)


Trichloroethane. TWA = 350 ppm, STEL = 450 ppm. Irritant to skin and eyes. Target organ effects on gastrointestinal and central nervous systems. Non-combustible. No common glove material is suitable. Chlorinated solvents pose severe environmental risks and serious disposal problems. Avoid all use.


Uranyl nitrate. TWA = 0.05 mg uranium/cubic meter; STEL = 0.6 mg/cubic meter ACGIH®; IDLH = 10 mg/cubic meter. Corrosive to tissue and most metals. Highly toxic, with target organ effects on liver, urinary, circulatory and respiratory systems. Radiation hazard from inhalation of fine particles; most substances block radioactivity, so handling solutions poses little risk. Any type of glove material except latex is satisfactory. Severe environmental toxin. Problems with transportation and disposal have made this chemical very difficult or impossible to obtain. Find alternate stains for most uses and employ immunohistochemistry for equivocal cases. This will eliminate both uranyl nitrate and silver from the lab.


Xylene. TWA = 100 ppm; STEL = 150 ppm; IDLH = 900 ppm; BEI = 1.6 g hippuric acid/g creatinine in urine at end of shift. See toluene for further information.


Zinc chloride. Corrosive to most metals, including stainless steel. All common glove materials except latex are satisfactory. Do not use zinc chloride solutions in tissue processors. Skin and eye irritant. Ingestion can cause intoxication and severe gastrointestinal upset.


Zinc formalin. A solution of zinc sulfate or zinc chloride and formaldehyde. See individual entries for those ingredients.


Zinc sulfate. Eye irritant, but otherwise not hazardous in quantities used in histology.












Ergonomics


This is the science concerned with the relationship between human beings, the machines and equipment they use and their working environment. It involves the application of physiological, anatomical and psychological data to the design of efficient working systems. In the histology laboratory, ergonomic considerations include work habits, posture, preference for right or left handedness, arrangement and use of instrumentation and tools, countertop heights, seating, lighting, noise levels, temperatures, and vibration. Following a situational analysis, preventive measures can be implemented.


A full discussion of ergonomics is beyond the realms of this text but the main areas pertaining to histopathology are briefly outlined below and in greater detail in the previous edition of this book.


Biomechanical risk factors include exposure to excessive force, repetitive movements, awkward working postures and vibration. A variety of musculoskeletal disorders including tendonitis, tenosynovitis, carpal tunnel syndrome and other nerve disorders can occur if these are not addressed.


The proper balance of work between people and machines is sometimes difficult to determine. Automation is desirable because it reduces the physical stresses imposed on workers, but having too much automation takes away the unique value of human interaction and decision making that is based on visual interpretation and cognitive experience. Automation should be considered to replace manual tasks that require standardization (processing and staining) and those that may contribute to musculoskeletal disorders (slide and cassette labeling, microtomy and coverslipping).


Good workstation design is essential in creating a healthy, comfortable, and task-efficient laboratory. Workstations should follow the workflow and be planned to accommodate all equipment and supplies. Consideration must also be given to the number of people who will use the space, their physical characteristics, whether they will sit, stand, or use a combination of positions, and if they need some type of aid to be able to see and reach all of the necessary components. Air quality, temperature, and humidity must be regulated and drafts must be avoided. Lighting must be task appropriate, not necessarily standard overhead lighting, and noise must be minimal.


Ideally, laboratory workstations are versatile, modular, and flexible so that they can be altered to accommodate new tasks, equipment or people. The work surface should be height adjustable, and seating should be individualized and task appropriate.






Suggestions for specific tasks







Computer operation



• Maintain good posture with joints in a relaxed, neutral position.



• Keep the keyboard at elbow height or tilted downward.



• Use a gentle touch on the keys.



• Do not hold your thumb or little finger in the air.



• Place the mouse by the keyboard. Be aware that the burden is on one hand and finger.



• Position the top of the monitor at eye level.



• Wear glasses (if needed) that allow you to keep your head upright or bent slightly forward.



• Do not cradle the phone on your shoulder while working.



• Eliminate sources of reflections and glare on the monitor screen.


Cassette and slide labeling



• Rest wrists on a padded surface when writing.



• Take rest breaks and vary tasks.



• Avoid excessive reaching.



• Use ergonomic writing utensils with large, padded grips.



• Do not use excessive force.



• Automate if possible.


Changing the solutions on the processor



• Use proper bending and lifting techniques.



• Carry containers using a power grip (whole or both hands).



• Use a stool with safe footing to reach above chest height.


Embedding



• Maintain good sitting posture.



• Keep as many items as possible within your reach area and use ergonomic tools if available.



• Keep joints in a neutral position. Do not lean arms on sharp or hard surfaces. Take mini-breaks and exercise wrists and fingers.



• Alternate the motion used to open cassette lids.



• Get up periodically and walk around.


Manual microtomy



• Maintain good sitting posture.



• Use a well-adjusted, ergonomic chair and a footrest, if necessary.



• Keep joints in a relaxed, neutral position.



• Do not rock the handwheel (wrist flexion and extension).



• Use a cut-out workstation or an L-shaped extension to reach the water bath without bending at the waist and reaching over.



• Take mini-breaks as often as time constraints allow.



• Automate as soon as possible.


Manual staining



• Maintain good standing posture.



• Prop one foot up or stand with one foot forward, and alternate often.



• Keep work as close to the body as possible.



• Use caution when bending, lifting, and reaching.



• Avoid repeatedly dipping slides (wrist flexion and extension).



• Use slide holders and racks rather than forceps.



• Avoid using excessive force to squeeze bottles.



• Automate as soon as possible.


Manual coverslipping



• Maintain correct posture with head upright and joints in a neutral position.



• Keep work at elbow height and within a close reach.



• Do not lean arms on sharp or hard surfaces.



• Take multiple mini-breaks and do stretching exercises.



• Use ergonomic forceps.


Pipetting



• Maintain correct posture. Work at a cut-out bench if possible.



• Keep work at elbow height and as close as possible.



• Use low-profile tubes, solution containers, and waste receptacles.



• Keep wrists in a neutral position.



• Do not twist or rotate at the waist.



• Use electronic, light-touch pipettes designed for multiple finger use.



• Hold the pipette with a relaxed grip.



• Take short breaks every 20–30 minutes if possible.


Cryotomy



• Keep hands as warm as possible to maintain feeling and sensitivity.



• Maintain good posture. Do not lean into the chamber.



• If standing, work with one foot propped up and alternate regularly.



• Keep ancillary items as close as possible (possibly on a cart).



• Use skills detailed under ‘Manual microtomy’.


Microscopy



• Avoid static postures, get up and move around periodically and alternate tasks.



• Work with the head bent slightly down instead of back.



• Use a well-adjusted, ergonomic chair and sit close to the microscope.



• Use armrests with a soft, smooth surface.



• Use a microscope with ergonomically positioned controls.



• Use adjustable eyepieces or mount the microscope at a 30° angle.



• Request extenders for the microscope body if the eyepieces are still not high enough.



• Work in a place away from drafts and noise.
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Light and its properties


Visible light occupies a very narrow portion of the electromagnetic spectrum. The electromagnetic spectrum extends from radio and microwaves all the way to gamma rays. Electromagnetic energy is complex, having properties that are both wave-like and particle-like. A discussion of these topics is well beyond the scope of this chapter. Suffice to say, visible light is that portion of the electromagnetic spectrum that can be detected by the human eye. In physics texts, this range is generally defined as wavelengths of light ranging from approximately 400 nm (deep violet) to 800 nm (far red). Most humans cannot see light of wavelengths much beyond 700 nm (deep red).


It is common practice to illustrate the electromagnetic spectrum as a sine wave. This is a convenient representation as the distance from one sine peak to another represents the wavelength of light (Fig. 3.1). Light that has a single wavelength is monochromatic: that is, a single color. The majority of sources of light provide a complex mixture of light of different wavelengths, and when this mixture approximates the mixture of light that derives from the sun, we perceive this as ‘white’ light. By definition, white light is a mixture of light that contains some percentage of wavelengths from all of the visible portions of the electromagnetic spectrum. It should be understood that almost all light sources provide a mixture of wavelengths of light (exceptions being devices such as lasers, which generate monochromatic, coherent light). One measure of the mixture of light given off by a light source is color temperature. In practical terms, the higher the color temperature, the closer the light is to natural daylight derived from the sun. Natural daylight from the sun is generally stated to have a color temperature of approximately 5200 kelvin (K). Incandescent light, from tungsten bulbs, has a color temperature of approximately 3200K. These values will be familiar to those using color film for photography, as film type must be chosen to suit the illumination source. As a general rule, the higher the color temperature, the more ‘blue’ or white the light appears to the eye. Lower color temperatures appear more red to yellow, and are regarded as being ‘warmer’ in color.





[image: image]

Figure 3.1 Representation of a light ray showing wavelength and amplitude.




Shorter wavelengths of light (toward the blue to violet end of the spectrum) have a higher energy content for a given brightness of light. As one goes to even shorter wavelengths of the electromagnetic spectrum, the energy content becomes even higher (X-rays and gamma rays). The energy content of light is generally expressed as an energy level, or amplitude based on the electron volts per photon (the particle representation of light). Visible light has an energy level of approximately one electron volt per photon, and the energy level increases as one moves toward the violet and ultraviolet range of the spectrum. Approaching the soft X-ray portion of the spectrum, the energy level per photon ranges from 50 to 100 electron volts (eV). It is this higher energy in the shorter wavelengths of light (the ultraviolet and blue end of the spectrum) that is exploited to elicit fluorescence in some materials.


Light sources give off light in all directions, and most light sources consist of a complex mixture of wavelengths. This mixture of wavelengths is what defines the color temperature of the light source. It should also be noted that the mixture of wavelengths is influenced by the type of material making up the source. Since the majority of light sources used in microscopy are either heated filaments or arcs of molten metal, each source will provide a specific set of wavelengths related to the material being heated. This is referred to as the emission spectrum. Some sources provide relatively uniform mixtures of wavelengths, although of different amplitudes or intensities, such as tungsten filament lamps and xenon lamps. Others, such as mercury lamps, provide very discrete wavelengths scattered over a broad range, but with distinct gaps of no emission between these peaks.


Although light sources are inherently non-coherent (with the exception of lasers), standard diagrams of optics always draw light rays as straight lines. This is a simplification, and it should be remembered that the actual light consists of every possible angle of light rays from the source, not just the single ray illustrated in the diagram. Another property of light that is important for an understanding of microscope optics is absorption of some of the light by the medium through which the light passes (Fig. 3.2). This is seen as a reduction in the amplitude, or energy level, of the light. The medium through which the light passes can also have an effect on the actual speed at which the light passes through the material, and this is referred to as retardation.





[image: image]

Figure 3.2 The amplitude (i.e. brightness) diminishes as light gets further from the source because of absorption into the media through which it passes.








Retardation and refraction


Media through which light is able to pass will slow down or retard the speed of the light in proportion to the density of the medium. The higher the density, the greater the degree of retardation. Rays of light entering a sheet of glass at right angles are retarded in speed but their direction is unchanged (Fig. 3.3a). If the light enters the glass at any other angle, a deviation of direction will occur in addition to the retardation, and this is called refraction (Fig. 3.3b). A curved lens will exhibit both retardation and refraction (Fig. 3.3c), the extent of which is governed by:




(a) the angle at which the light strikes the lens – the angle of incidence,


(b) the density of the glass – its refractive index, and


(c) the curvature of the lens.
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Figure 3.3 (a) Rays passing from one medium to another, perpendicular to the interface, are slowed down at the same moment. (b) Rays passing at any other angle to the interface are slowed down in the order that they cross the interface and are deviated. (c) Rays passing through a curved lens exhibit both retardation and refraction.




The angle by which the rays are deviated within the glass or other transparent medium is called the angle of refraction and the ratio of the sine values of the angles of incidence (i) and refraction (r) gives a figure known as the refractive index (RI) of the medium (Fig. 3.4a). The greater the RI, the higher the density of the medium. The RI of most transparent substances is known and is of great value in the computation and design of lenses, microscope slides and coverslips, and mounting media. Air has a refractive index of 1.00, water 1.30, and glass a range of values depending on type but averaging 1.50.
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Figure 3.4 (a) Angle of incidence (i) and refraction (r). (b) Ray C–D is lost through the edge of the lens. Ray E–F shows total internal reflection. (c) Parallel rays entering a curved lens are brought to a common focus.




As a general rule, light passing from one medium into another of higher density is refracted towards the normal, and when passing into a less dense medium it is refracted away from the normal. The angle of incidence may increase to the point where the light emerges parallel to the surface of the lens. Beyond this angle of incidence, total internal reflection will occur, and no light will pass through (Fig. 3.4b).









Image formation


Parallel rays of light entering a simple lens are brought together by refraction to a single point, the ‘principal focus’ or focal point, where a clear image will be formed of an object (Fig. 3.4c). The distance between the optical center of the lens and the principal focus is the focal length. In addition to the principal focus, a lens also has other pairs of points, one either side of the lens, called conjugate foci, such that an object placed at one will form a clear image on a screen placed at the other. The conjugate foci vary in position, and as the object is moved nearer the lens the image will be formed further away, at a greater magnification, and inverted. This is the ‘real image’ and is that formed by the objective lens of the microscope (Fig. 3.5).





[image: image]

Figure 3.5 A real image is formed by rays passing through the lens from the object, and can be focused on a screen.




If the object is placed yet nearer the lens, within the principal focus, the image is formed on the same side as the object, is enlarged, the right way up, and cannot be projected onto a screen. This is the ‘virtual image’ (Fig. 3.6), and is that formed by the eyepiece of the microscope of the real image projected from the objective. This appears to be at a distance of approximately 25 cm from the eye – around the object stage level. Figure 3.7 illustrates the formation of both images in the upright compound microscope, as is commonly used in histopathology.





[image: image]

Figure 3.6 A virtual image is viewed through the lens. It appears to be on the object side of the lens.







[image: image]

Figure 3.7 Ray path through the microscope.


The eye sees the magnified virtual image of the real image, produced by the objective.














Image quality


White light is composed of all spectral colors and, on passing through a simple lens, each wavelength will be refracted to a different extent, with blue being brought to a shorter focus than red. This lens defect is chromatic aberration (Fig. 3.8a) and results in an unsharp image with colored fringes. It is possible to construct compound lenses of different glass elements to correct this fault. An achromat is corrected for two colors, blue and red, producing a secondary spectrum of yellow/green, which in turn can be corrected by adding more lens components – the more expensive apochromat.





[image: image]

Figure 3.8 (a) Chromatic aberration. (b) Spherical aberration.




Microscope objectives of both achromatic and apochromatic types (see Fig. 3.11) are usually overcorrected for longitudinal chromatic aberration and must be combined with matched compensating eyepieces to form a good-quality image. This restriction on changing lens combinations is overcome by using chromatic, aberration-free (CF) optics, which correct for both longitudinal and lateral chromatic aberrations and remove all color fringes, being particularly useful for fluorescence and interference microscopes.


Other distortions in the image may be due to coma, astigmatism, curvature of field, and spherical aberration, and are due to lens shape and quality. Spherical aberration is caused when light rays entering a curved lens at its periphery are refracted more than those rays entering the center of the lens and are thus not brought to a common focus (Fig. 3.8b).


These faults are also corrected by making combinations of lens elements of different glass, e.g. fluorite, and of differing shapes.









The components of a microscope









Light source


Light, of course, is an essential part of the system; at one time sunlight was the usual source. A progression of light sources has developed, from oil lamps to the low-voltage electric lamps of today. These operate via a transformer and can be adjusted to the intensity required. The larger instruments have their light sources built into them. Dispersal of heat, collection of the greatest amount of light, and direction and distance are all carefully calculated by the designer for greatest efficiency. To obtain a more balanced white light approximation, these light sources must often be operated at excessive brightness levels. The excess brightness is reduced to comfortable viewing levels through the use of neutral density filters.









Condensers


Light from the lamp is directed into the first major optical component, the substage condenser, either directly or by a mirror or prism. The main purpose of the condenser is to focus or concentrate the available light into the plane of the object (Fig. 3.9). Within comfortable limits, the more light at the specimen, the better is the resolution of the image.





[image: image]

Figure 3.9 The function of the condenser is to concentrate, or focus, the light rays at the plane of the object.




Many microscopes have condensers capable of vertical adjustment, in order to allow for varying heights or thickness of slides. Once the correct position of the condenser has been established, there is no reason to move it, as any alteration will change the light intensity and impair the resolution. In most cases condensers are provided with adjustment screws for centering the light path. Checking and, if necessary, adjusting the centration before using the instrument should be a routine procedure for every microscopist. All condensers have an aperture diaphragm with which the diameter of the light beam can be controlled.


Adjustment of this iris diaphragm will alter the size and volume of the cone of light focused on the object. If the diaphragm is closed too much, the image becomes too contrasty and refractile, whereas if the diaphragm is left wide open, the image will suffer from glare due to extraneous light interference. In both cases the resolution of the image is poor. The correct setting for the diaphragm is when the numerical aperture of the condenser is matched to the numerical aperture of the objective in use (Fig. 3.10) and the necessary adjustment should be made when changing from one objective to another. This is achieved, approximately, by removing the eyepiece, viewing the substage iris diaphragm in the back focal plane of the objective, and closing it down to two-thirds of the field of view.





[image: image]

Figure 3.10 Rays A illustrate the ‘glare’ position resulting in extraneous light and poor resolution. Rays B indicate the correct setting of the substage iris diaphragm.




With experience the correct setting can be estimated from the image quality. Under no circumstances should the iris diaphragm be closed to reduce the intensity of the light; use filters or the rheostat of the lamp transformer. Many condensers are fitted with a swing-out top lens. This is turned into the light path when the higher-power objectives are in use. It focuses the light into a field more suited to the smaller diameter of the objective front lens. Swing it out of the path with the lower power objectives, or the field of view will only be illuminated at the center. When using apochromatic or fluorite objectives the substage condenser should also be of a suitable quality, such as an aplanatic or a highly corrected achromatic condenser.









Object stage


Above the condenser is the object stage, which is a rigid platform with an aperture through which the light may pass. The stage supports the glass slide bearing the specimen, and should therefore be sturdy and perpendicular to the optical path. In order to hold the slide firmly, and to allow the operator to move it easily and smoothly, a mechanical stage is either attached or built in. This allows controlled movement in two directions, and in most cases Vernier scales are incorporated to enable the operator to return to an exact location in the specimen at a later occasion.









Objectives


The next and most important piece of the microscope’s equipment is the objective, the type and quality of the objective having the greatest influence on the performance of the microscope as a whole.


Within the objective there may be from 5 to 15 lenses and elements, depending on image ratio, type and quality (Fig. 3.11). The main task of the objective is to collect the maximum amount of light possible from the object, unite it, and form a high-quality magnified real image, some distance above. Older microscopes used objectives computed for an optical tube length of 160 mm (DIN standard), or 170 mm (Leitz only), but these fixed tube length systems have now been largely replaced by infinity corrected objectives that can greatly extend this tube length and permit the addition of other devices into the optical path.





[image: image]

Figure 3.11 Diagram of achromatic and apochromatic objectives.


Some examples of the latter may have as many as 15 separate lens elements.




Magnifying powers or, more correctly, object-to-image ratios of objectives are from 1 : 1 to 100 : 1 in normal biological instruments.


The ability of an objective to resolve detail is indicated by its numerical aperture and not by its magnifying power. The numerical aperture or NA is expressed as a value, and will be found engraved on the body of the objective. The value expresses the product of two factors and can be calculated from the formula:
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where n is the refractive index of the medium between the coverglass over the object and the front lens of the objective, for example air, water, or immersion oil, and u is the angle included between the optical axis of the lens and the outermost ray that can enter the front lens (Fig. 3.12).





[image: image]

Figure 3.12 The refractive index of the medium between the coverglass and the surface of the objective’s front lens (in this case air, RI = 1.00), and the sine of the angle (u) between the optical axis and the outermost accepted ray (r), gives the numerical aperture (see text).




In Figure 3.12 the point where the axis meets the specimen is regarded as a light source; rays radiate from this point in all directions. Some will escape to the outside, and some will be reflected back from the surface of the coverglass. Ray r is the outermost ray that can enter the front lens; the angle u between ray r and the axis gives us the sin value required. In theory the greatest possible angle would be if the surface of the front lens coincided with the specimen, giving a value for u of 908. In the above formula, with air (RI = 1.00) as the medium, and a value for u of 908 (sin u × 1), the resulting NA = 1.00. Of course this is impossible as there must always be some space between the surfaces, so a value of 908 for u is unobtainable. In practice the maximum NA attainable with a dry objective is 0.95. Similar limitations apply to water and oil immersion objectives; theoretical maximum values for NA are 1.30 and 1.50, respectively. In practice values of 1.20 and 1.40 are the highest obtainable.


Resolution does not depend entirely on the NA of a lens but also on the wavelength of light used, governed by the following relationship:
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where the resolution is the smallest distance between two dots or lines that can be seen as separate entities, and λ is the wavelength of light.


The resolving power of the objective is its ability to resolve the detail that can be measured. In summary, as the NA of an objective increases, the resolving power increases but working distance, flatness of field, and focal length decrease.


Objectives are available in varying quality and types (Fig. 3.11). The achromatic is the most widely used for routine purposes; the more highly corrected apochromats, often incorporating fluorite glass, are used for more critical work, while plan-apochromats (which have a field of view that is almost perfectly flat) are recommended for photomicrography. For cytology screening, flat-field objectives – often plan-achromats – are particularly useful. On modern microscopes, up to six objectives are mounted onto a revolving nosepiece to enable rapid change from one to another and, ideally, the focus and field location should require the minimum of adjustment. Such lenses are said to be par-focal and par-central.


Most objectives are designed for use with a coverglass protecting the object. If so, a value giving the correct coverglass thickness should be found engraved on the objective. Usually this is 0.17 mm. Some objectives, notably apochromats between 40 : 1 and 63 : 1, require coverslip thickness to be precise. Some are mounted in a correction mount and can be adjusted to suit the actual thickness of the coverglass used.









Body tube


Above the nosepiece is the body tube. Three main forms are available: monocular, binocular, and the combined photo-binocular. The last sometimes has a prism system allowing 100% of the light to go either to the observation eyepieces, or to the camera located on the vertical part, and sometimes has a beam-splitting prism dividing the light, 20% to the eyes and 80% to the camera. This facilitates continuous observation during photography. Provision is made in binocular tubes for the adjustment of the interpupillary distance, enabling each observer to adjust for the individual facial proportions. Alteration of this interpupillary distance may alter the mechanical tube length, and thus the length of the optical path. This can be corrected either by adjusting the individual eyepiece tubes, or by a compensating mechanism built into the body tube.


Modern design tends towards shortening the physical lengths of the components, and in consequence, the intermediate optics are sometimes included in the optical path to compensate. These lenses are mounted on a rotating turret and are designated by their magnification factor. Additionally, a tube lens may be incorporated for objectives that are infinity corrected, as these objectives form only a virtual image of the object, which must be converted to a real image focused at the lower focal plane of the eyepiece.









Eyepiece


Eyepieces are the final stage in the optical path of the microscope. Their function is to magnify the image formed by the objective within the body tube, and present the eye with a virtual image, apparently in the plane of the object being observed; usually this is an optical distance of 250 mm from the eye.


Early types of eyepiece, like objectives, were subject to aberrations, especially of color. Compensating eyepieces were designed to overcome these problems and can be used with all modern objectives. The eyepiece designed by Huyghens in 1690 is still available, together with periplanatic (flat-field) and wide-field types, and eyepieces for holding measuring graticules and photographic formats. High focal point eyepieces are designed for spectacle wearers. For older fixed tube length microscopes, manufacturers often placed different amounts of the various corrections in the optical train in either the objective or the eyepiece. Therefore it is important to use eyepieces from the same manufacturer with objectives from that manufacturer. Eyepieces designed for infinity objectives must be used with the newer infinity-corrected systems.















Magnification and illumination






Magnification values


Total magnification is the product of the magnification values of the objective and eyepiece, provided the system is standardized to an optical tube length of 160 mm. For variations of the latter the formula is:
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Where additional tube lenses are included, simply multiply by the designated factor; for example, objective 40x, eyepiece 10x, and tube lens factor 1.25x gives a total magnification of 500x. Choosing the correct eyepiece magnification is important, as a total magnification may be reached without further resolution of the object; this is empty magnification. As a guide, total magnification should not exceed 1000 × NA of the objective. Therefore an objective designated 100/1.30 would allow a total magnification of 1300 (1000 × 1.3NA), so eyepieces in excess of 12.5x would serve no useful purpose. For accurate measurements, calibration of the optics with a stage micrometer is necessary.









Illumination


Critical illumination, often used with simple equipment and a separate light source, is when the light source is focused by the substage condenser in the same plane as the object, when the object is in focus (Fig. 3.13). At one time, ribbon filament lamps were available for microscope illumination. Modern filament lamps use a spring-like filament, and the image of the filament causes uneven illumination, which is unacceptable.





[image: image]

Figure 3.13 (a) Critical illumination. (b) Köhler illumination.




For photography and all the specialized forms of microscopy it is best to use Köhler illumination, where an image of the light source is focused by the lamp collector or field lens in the focal plane of the substage condenser (on the aperture diaphragm).


The image of the field or lamp diaphragm will now be focused in the object plane and the illumination is even. The image of the light source and the aperture diaphragm will in turn be focused at the back focal plane of the objective and can be examined with the eyepiece removed. Poor resolution will result unless the illumination is centered with respect to the optical axis of the microscope. Figure 3.13 shows the main differences between critical and Köhler systems.









Dark-field illumination


So far the microscope has been shown as suitable for the examination of stained preparations. Staining aids the formation of images by absorbing part of the light (some of the wavelengths) and producing an image of amplitude differences and color. Occasions arise when it is preferable, or essential, that unstained sections or living cells are examined. Such specimens and their components have refractive indices close to that of the medium in which they are suspended and are thus difficult to see by bright-field techniques, due to their lack of contrast. Dark-field microscopy overcomes these problems by preventing direct light from entering the front of the objective and the only light gathered is that reflected or diffracted by structures within the specimen (Fig. 3.14). This causes the specimen to appear as a bright image on a dark background, the contrast being reversed and increased. Dark field permits the detection of particles smaller than the optical resolution that would be obtained in bright field, due to the high contrast of the scattered light. In the microscope, oblique light is created by using a modified or special condenser that forms a hollow cone of direct light which will pass through the specimen but outside the objective (Fig. 3.14). Dark field condensers may be for either dry, low-power objectives or for oil immersion high-power objectives. Whichever is used, the objective must have a lower numerical aperture than the condenser (in bright-field illumination, optimum efficiency is obtained when the NAs of both objective and condenser are matched). In order to obtain this condition it is sometimes necessary to use objectives with a built-in iris diaphragm or, more simply, by inserting a funnel stop into the objective. Perfect centering of the condenser is essential, and with the oil immersion systems it is necessary to put oil between the condenser and the object slide in addition to the oil between the slide and the objective. As only light diffracted by the specimen will enter the objective, a high-intensity light source is required.





[image: image]

Figure 3.14 In dark-field illumination no direct rays enter the objective. Only scattered rays from the edges of structures in the specimen form the image (dashed lines).




Most bright-field microscopes can be converted for dark-field work by using simple patch stops, made of black paper, placed on top of the condenser lens or suspended in the filter holder. Alternatively the patch stops can be constructed from different colored filters (Rheinberg illumination) using a dark color for the center disc and a contrasting lighter color for the periphery. This system reduces the glare of conventional dark field and reveals the specimen in, say, red on a blue background.


Variable intensity dark field is obtained by making the Rheinberg discs from polarizing filters, the center being oriented at right angles to the periphery. This allows good photomicrography. Dark-field illumination is particularly useful for spirochetes, flagellates, cell suspensions, flow cell techniques, parasites, and autoradiographic grain counting, and was once commonly used in fluorescence microscopy. Thin slides and coverglasses should be used and the preparation must be free of hairs, dirt, and bubbles. Many small structures are more easily visualized by dark-field techniques due to increased contrast, although resolution may be inferior to bright-field microscopy.












Phase contrast microscopy


Unstained and living biological specimens have little contrast with their surrounding medium, even though small differences of refractive index (RI) exist in their structures. To see them clearly involves either:




a. closing down the iris diaphragm of the condenser, which reduces its numerical aperture (NA) producing diffraction effects and destroying the resolving power of the objective, or


b. using dark-field illumination, which enhances contrast by reversal, but often fails to reveal internal detail.





Phase contrast overcomes these problems by a controlled illumination using the full aperture of the condenser and improving resolution. The higher the RI of a structure, the darker it will appear against a light background, i.e. with more contrast.






Optical principle


If a diffraction grating is examined under the microscope, diffraction spectra are formed in the back focal plane (BFP) of the objective due to interference between the direct and diffracted rays of light. The grating consists of alternate strips of material with slightly different RIs, through which light acquires small phase differences, and these form the image. Unstained cells are similar to diffraction gratings as their contents also differ very slightly in RI.


Two rays of light from the same source with the same frequency are said to be coherent, and when recombined they will double in amplitude or brightness if they are in phase with each other (constructive interference). However, if they are out of phase with each other, destructive interference will occur.


Figure 3.15a represents the waveform of a light ray. In Figure 3.15b the rays are identical but one is [image: image] out of phase with the other and they interfere but with no increase in amplitude. Figure 3.15c shows one ray now [image: image] out of phase with the other, and they cancel each other out. This is maximum destructive interference and no light is seen, resulting in maximum contrast. However, if one ray is brighter than the other (increased amplitude) but is still [image: image] out of phase (Fig. 3.15d) then the difference in amplitude can be seen, while maintaining maximum interference. This last position is that which occurs in the phase contrast microscope.





[image: image]

Figure 3.15 Interference of light rays in phase contrast microscopy.











The phase contrast microscope


To achieve phase contrast the microscope requires modified objectives and condenser, and relies on the specimen retarding light by between [image: image] and [image: image]. An intense light source is required to be set up for Köhler illumination.


The microscope condenser usually carries a series of annular diaphragms made of opaque glass, with a clear narrow ring, to produce a controlled hollow cone of light. Each objective requires a different size of annulus, an image of which is formed by the condenser in the back focal plane (BFP) of the objective as a bright ring of light (Fig. 3.16). The objective is modified by a phase plate which is placed at its BFP (Fig. 3.16). A positive phase plate consists of a clear glass disc with a circular trough etched in it, to half the depth of the disc. The light passing through the trough has a phase difference of [image: image] compared to the rest of the plate. The trough also contains a neutral-density light-absorbing material to reduce the brightness of the direct rays, which would otherwise obscure the contrast obtained.





[image: image]

Figure 3.16 A = annulus at focal plane of condenser; B = object plane; C = phase plate at BFP of objective; D = light rays diffracted and retarded by specimen, total retardation [image: image] compared with direct light; E = direct light rays unaffected by specimen.




It is essential that the image of the bright annular ring from the condenser is centered and superimposed on the dull trough of the objective phase plate. This is achieved by using either a focusing telescope in place of the eyepiece or a Bertrand lens situated in the body tube of the microscope. Each combination of annulus and objective phase plate will require centering. When the hollow cone of direct light from the annulus enters the specimen, some will pass through unaltered while some rays will be retarded (or diffracted) by approximately [image: image]. The direct light will mostly pass through the trough in the phase plate while the diffracted rays pass through the thicker clear glass and are further retarded.


The total retardation of the diffracted rays is now [image: image] and interference will occur when they are recombined with the direct light. Thus an image of contrast is achieved, revealing even small details within unstained cells. This is a quick and efficient way of examining unstained paraffin, resin, and frozen sections, as well as studying living cells and their behavior.












Interference microscopy


In phase contrast microscopy, the specimen retards some light rays with respect to those which pass through the surrounding medium. The resulting interference of these rays provides image contrast but with an artifact called the ‘phase halo’. In the interference microscope the retarded rays are entirely separated from the direct or reference rays, allowing improved image contrast, color graduation, and quantitative measurements of phase change (or ‘optical path difference’), refractive index, dry mass of cells (optical weighing), and section thickness.


Whenever light passes across the edge of an opaque object the rays close to that edge are diffracted, or bent away from their normal path. If, instead of a single edge, the rays pass through a narrow slit, then the rays at the edge of the beam will fan out on either side to quite wide angles (Fig. 3.17a). Two slits closely side by side form two fans of rays which will cross (Fig. 3.17b) and, if coherent, will observably ‘interfere’. If each ray is regarded as a wave it can be seen that phase conditions of increased amplitude and extinction are bound to occur at points where the waves cross and interfere (Figs 3.17c, d). The result of this in the microscope is a series of parallel bands, alternately bright and dark across the field of view. With white light, bands of the spectral colors are seen, because the wavelengths making up white light are diffracted at different angles. With monochromatic light, the bands are alternately dark and light, and of a single color. The same effect can be shown if separate beams of coherent light are reunited. This phenomenon is known as ‘interference’.





[image: image]

Figure 3.17 Diffraction and interference of coherent rays (see text).




Early microscope models split a light beam into two parts, each traversing two sets of perfectly matched optics, one beam passing through the specimen (measuring beam) and the other acting as a reference beam. The beams were widely separated and suitable only for large specimens and interference fringe measurements. Later models used a double-beam system, where the separation is produced by birefringent materials and is close enough to require only one objective (Fig. 3.18a).





[image: image]

Figure 3.18 (a) Ray path of an interference microscope using a single objective. The beams should be separated sufficiently for one to pass through an empty part of the preparation, otherwise the ‘ghost’ images formed can cause confusion. (b) Appearance of interference bands in the field of view.




If the two paths are equal and in the same phase, the interference bands can be seen running straight and parallel across the field. If an object is introduced into one beam path that causes some shift in the phase, this will be seen as a displacement in the interference bands (Fig. 3.18b). When using monochromatic light, each interval comprising one dark and one light band is one wavelength wide, and thus the distance in nanometers is known. Displacement of the bands is measured with a micrometer eyepiece and with this information, coupled with either the RI or object thickness, the measurements referred to earlier can be determined.


Two types of double-beam system have been used. One involved focusing the reference beam below the object – the ‘double focus’ system – and the other involved a lateral displacement of the reference beam called ‘shearing’, where the separation of the beams is very small. Figure 3.19a, b illustrates this latter system using polarized light and Wollaston prisms. The first birefringent prism in the condenser separates the beams and after passing through the object they are recombined by the second identical prism at the back of the objective. A different pair of prisms is required for each magnification. This produces ‘interference contrast’ and together with rotation of the polarizers enhances the three-dimensional (3D) effect in the image. In 1952, Nomarski modified the Wollaston prisms, so that the lateral separation is less than the resolving power of the microscope, producing excellent 3D colored images from unstained specimens. This system is referred to as differential interference contrast or DIC. Additionally, only one such prism is required at the objective level for all magnifications. This system permits enhanced visualization of immunohistochemical preparations.
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Figure 3.19 (a) A Wollaston prism is so constructed that rays passing through the center are in phase. Those passing at other points have a phase difference. The arrows and dot represent the optic axes of the prisms, being at right angles to each other. (b) Ray path in the microscope. Each ray is polarized on separation and they vibrate at right angles to each other, producing interference colors when recombined.











Polarized light microscopy


The use of polarized light in microscopy has many useful and diagnostic applications. Numerous crystals, fibrous structures (both natural and artificial), pigments, lipids, proteins, bone, and amyloid deposits exhibit birefringence. Every cellular pathology laboratory should have at least a simple system of polarizing microscopy.


Earlier in this chapter, light was described as a series of pulses of energy radiating away from a source, and shown diagrammatically as a sine curve, with wavelength and amplitude defined. Light can also be described as an electromagnetic vibration, which travels outwards from the source of its propagation, much in the same way as a vibration will travel along a rope when it is jerked in a direction at right angles to its length. The vibrations in the rope will be generated in the direction of the force that caused them, and this is called the plane of vibration, or vibration direction (Fig. 3.20). Natural light vibrates in many planes or vibration directions, whereas polarized light vibrates in only one plane, as in the rope, and can be produced for microscopy purpose by passing natural light through a polarizer, which is an optical component made from a substance that will allow vibrations of only one vibration direction to pass.





[image: image]

Figure 3.20 Plane of vibration produced on a rope.




Substances or crystals capable of producing plane-polarized light are called birefringent. Light entering a birefringent crystal such as calcite is split into two light paths, each determined by a different refractive index (RI) and each vibrating in one direction only (i.e. polarized) but at right angles to each other (Fig. 3.21). The higher the RI, the greater the retardation of the ray, so that each ray leaves the crystal at a different velocity. The high RI ray is called slow and the low RI ray is called fast. There is also a phase difference between the rays, so that, if they are recombined, interference occurs and various spectral colors are seen.
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Figure 3.21 A birefringent crystal such as calcite can split a ray of light into two light paths, each vibrating at right angles to the other.




Originally, polarizers, made from calcite and known as Nicol prisms after their inventor, were cemented together with Canada balsam in such a way that the slow ray was reflected away from the optical path and into the mount of the prism, leaving only the polarized fast ray to pass through (Fig. 3.22).
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Figure 3.22 A Nicol prism is constructed so that one part of the ray is allowed to pass whilst the other is directed away from the optical path and is lost.




There will be a direction within a birefringent crystal along which light may pass unaltered; this is called the optic axis (see Wollaston prism). Substances through which light can pass in any direction and at the same velocity are called isotropic and are not able to produce polarized light. A knowledge of RI and polarization measurements identifies many crystalline structures and is particularly useful to the materials scientist but is of limited use to the histologist.


Some substances and crystals can produce plane polarized light by differential absorption and give rise to the phenomenon of dichroism. Such crystals suspended in thin plastic films and oriented in one direction have replaced the bulky and expensive Nicol prisms. These thin films totally absorb the slow rays and are pleochroic (absorbing all colors equally), and are the most useful in microscopy as they occupy very little space and can be used with any microscope.


The dedicated polarizing microscope uses two polarizers (Fig. 3.23). One, always referred to as the polarizer, is placed beneath the substage condenser and held in a rotatable graduated mount, and can be removed from the light path when not required. The other, called the analyzer, is placed between the objective and the eyepiece and is also graduated for measurement to be taken. A circular rotating stage would also be present for rotation of the specimen.
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Figure 3.23 A microscope equipped for polarized light.




The human eye is not able to distinguish any difference between polarized and natural light, although when looking through a single polarizer there is an obvious loss of intensity, some of which is due to the color of the filter, as well as the splitting and absorption of the rays. Polarizing spectacles used as sunglasses make full use of both properties, but their chief advantage is the elimination of glare and reflected light from such surfaces as water and glass, which act as polarizers, much of the reflected light being polarized at right angles to that which penetrates the surface. Looking through two polarizers, if their vibration directions are parallel, results in a further slight loss of intensity (Fig. 3.24a), due to the increase of the thickness and subsequent absorption, but as one is rotated in relation to the other, intensity decreases to extinction when the vibration directions are crossed, and at right angles (Fig. 3.24b). The first polarizer only allows the passage of rays vibrating in its own vibration direction; if parallel, the second polarizer will allow those rays to pass; if crossed, passage of the rays is blocked.





[image: image]

Figure 3.24 (a) When polarizer and analyzer are parallel, rays vibrating in the parallel plane are able to pass. (b) When polarizer and analyzer are crossed, rays able to pass the polarizer are blocked by the analyzer. The condition when no light reaches the observer is known as extinction.




Two phenomena detected in polarized light are interesting to the histologist: birefringence and dichroism. When a birefringent substance is rotated between two crossed polarizers, the image appears and disappears alternately at each 45° of rotation. Hence, in a complete revolution of 360° the image appears four times, and likewise, it is extinguished completely four times. In a thin section of rock composed of many types of crystal this phenomenon is very dramatic, especially when interference colors, due to varying thickness of crystal, are present. When one of the planes of vibration of the object is in a parallel plane to the polarizer, only one part ray can develop, and its further passage is blocked by the analyzer in the crossed position. At 45°, however, phase differences between the two rays which can develop are able to combine in the analyzer and form a visible image (Fig. 3.25).
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Figure 3.25 When a birefringent substance is rotated between crossed polarizers, it is visible when it is in the diagonal position (i.e. when it is halfway (45°) between the vibration planes of the polarizers). Extinction occurs when one of its planes of vibration is parallel to either polarizer. Both conditions occur four times in a complete revolution of 360°.




Some birefringent substances are also dichroic, which is the second of the phenomena useful to the histologist. Only the polarizer is used and, if no rotating stage is available, the polarizer itself can be rotated. Changes in intensity and color are seen during rotation. The color changes in a rotation of 90°, and back to its original color in the next 90° (Fig. 3.26). This is due to differential absorption of light, depending upon the vibration direction of the two rays in a birefringent substance.
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Figure 3.26 A dichroic substance rotated in polarized light (i.e. using polarizer only). Changes of color and intensity can be seen after rotating 90°. The original color returns after a further 90° rotation. This is due to the differential absorption of the two rays in some birefringent substances, depending on the direction of the polarization.




Weak birefringence in biological specimens is enhanced by the addition of dyes or impregnating metals, in an orderly linear alignment, for example along amyloid fibrils. Although only one polarizer is needed to detect the resulting dichroism, the use of the analyzer in addition can enhance the image.






Sign of birefringence


Reference was made earlier to the separated slow and fast rays in a birefringent substance. Additionally, if the slow ray (higher RI) is parallel to the length of the crystal or fiber, the birefringence is positive. If the slow ray is perpendicular to the long axis of the structure, the birefringence is negative. The sign of birefringence is diagnostically useful and is determined by the use of a compensator (birefringent plate of known retardation) either above the specimen or below the polarizer at 45° to the direction of polarized light. Rotate the compensator or the specimen until the slow direction of the compensator (indicated by arrows) is parallel to the long axis of the crystal or fiber. The field is now red and if the crystal is blue the birefringence is positive. If the crystal is yellow, the slow direction of the compensator is parallel to the fast direction of the crystal and the birefringence is negative. Quartz and collagen exhibit positive birefringence while polaroid discs, calcite, urates, and chromosomes are negative. Simple compensators can be made from mica or layers of sellotape.












Fluorescence microscopy


Fluorescence is the property of some substances which, when illuminated by light of a certain wavelength, will re-emit the light at a longer wavelength. In fluorescence microscopy, the exciting radiation is usually in the ultraviolet wavelength (c. 360 nm) or blue region (c. 400 nm), although longer wavelengths can be used with some modern dyes.


A substance that possesses a ‘fluorophore’ will fluoresce naturally. This is known as primary fluorescence or autofluorescence. Ultraviolet excitation is required for optimum results with substances such as vitamin A, porphyrins, and chlorophyll. Dyes, chemicals, and antibiotics added to tissues produce secondary fluorescence of structures and are called ‘fluorochromes’. This is the most common use of fluorescence microscopy and the majority of fluorochromes require only blue light excitation.


Induced fluorescence is a term applied to substances such as the catecholamines, which after treatment with formaldehyde vapor are converted to fluorescent quinoline compounds.


The applications of fluorescence microscopy are numerous in both qualitative and quantitative systems, and some of these are contained in other chapters of this book.






Transmitted light fluorescence






Light sources


All light sources emit a wide range of wavelengths, including the shorter ultraviolet and blue wavelengths which are of interest for fluorescence. Only a few sources emit sufficient short-wave light for practical use. The most commonly used are high-pressure gas lamps, such as the mercury vapor and xenon gas lamps. For some wavelength excitation, in the blue and green range for instance, halogen filament lamps produce enough light to be useful. The choice of a suitable source depends upon the type of work to be performed, and for routine observation purposes it is better to use the mercury vapor burners. These operate on alternating current and their starting equipment is not so costly. The xenon burners operate on direct current and require rectifiers to be included with the starter equipment if they are to be used on normal mains supply. Xenon burners on a DC supply can be stabilized and are therefore suitable for fluorimetry or the measurement of fluorescence emission. The two types of lamp differ in their emission curves: that is to say, mercury lamps reach very high amplitudes at some wavelengths, whereas at other parts of the wavelength range the emission is low, and the curve in general, has a very spiky profile. Xenon, on the other hand, has a smoother, more continuous curve. Fortunately the peaks in the mercury vapor emission coincide with the excitation wavelengths of some of the more widely used fluorochromes.


Because they contain gas at high pressure, these burners must be handled with great care, and must be housed in strong, protective lamphouses. Heat and infrared waves are filtered out before the light from the source begins its journey. At one time all fluorescence systems used the transmitted light route common to normal light microscopy. However, nowadays, the incident route is widely used. High-pressure arc lamps also have specific lifetimes, and in the case of mercury lamps this is only 200 hours. Operation for longer times than this may result in explosive destruction of the lamp, with release of mercury vapor into the immediate vicinity.


In recent years, a new type of illumination source has been introduced. This is the LED source, which is a type of solid-state, semiconductor device. These LED sources have exceptionally long lifetimes, with little change in light output over that lifetime. Another characteristic is that these sources emit light of a single wavelength, with a very narrow peak width. These advantageous features mean that these devices are finding increasing use in illuminators for microscopy. While they are not yet as bright as arc lamps, they do not require much optical filtering to select the wavelength of interest, and they do not suffer from the flicker and ‘arc wandering’ of the high-pressure lamps. They also do not pose the risk of explosion and they have essentially unlimited lifetimes. For different emission wavelengths, different LEDs are required, but there is no need to select a new set of emission filters as the LED itself provides a narrow band of excitation light.









Filters


Preparations for fluorescence may contain other fluorescing material in addition to that in which one is interested. It is necessary therefore to filter out all but the specific excitation wavelength to avoid confusion between the important and the unimportant fluorescence (Fig. 3.27).





[image: image]

Figure 3.27 Light path for transmitted fluorescence. Light of all wavelengths passes from the source through a heat-absorbing filter, into a second filter which removes red light, and then through an exciter filter, which allows only the desired wavelength(s) to pass. On passing through the specimen, the objective collects both exciting and fluorescent wavelengths. The former is removed by a barrier filter to protect the eye of the observer.




A variety of filters are available for this purpose. ‘Dyed in the glass’ filters, with such designations as UG 1 and BG 12, are broadband filters and transmit a wide range of wavelengths, the width of the range depending upon the composition and thickness of the filter. Besides the possibility of non-specific and autofluorescence, there may also be materials that are excited at more than one excitation wavelength, so it is better to employ filters of a narrower band transmission that have their transmission peaks closer to the excitation maximum of the fluorochrome, such as FITC. Narrow band filters are often of the ‘interference’ filter type, and are vacuum-coated layers of metals on a glass support. They have a mirror-like surface, and must be inserted in the beam with the reflective face towards the light source. The better-quality filters are carefully selected for their transmission characteristics, and only a few are finally judged suitable. For this reason, they are expensive; careful handling to avoid corrosive finger marks and scratches is essential. When used with high-intensity light sources, these filters may also degrade with time, and so should be checked with an accurate spectrophotometer at regular intervals.


Barrier or suppression filters are placed before the eyepiece to prevent short wavelength light from damaging the retina of the eye (Fig. 3.27). They must, however, allow the fluorescing color to pass; otherwise a negative result may be obtained. Barrier filters are colorless through yellow to dark orange and of specific wavelength transmission. For example a K.470 filter will block all wavelengths below 470 nm. Colored barrier filters may alter the final color rendering of the fluorescent specimen, and for this reason all filters used in the system must be recorded when reporting results.









Condensers for fluorescence microscopy


Bright-field condensers are able to illuminate the object, using all the available energy, but they also direct the rays beyond the object into the objective. Not only is this a potential hazard to the eyes of the observer but also it can set up disturbing autofluorescence in the cement and component layers in the objective itself. In consequence most systems employ a dark-field condenser which does not allow direct light into the objective, and in addition is more certain to give a dark contrasting background to the fluorescence. At the same time it should be realized that only about one-tenth of the available energy is used, limited by the design of the condenser.


Fluorescent light emission is in most cases very poor in relation to the amount of energy absorbed by fluorochromes or fluorophores, with an efficiency ratio somewhere between 1 : 1000 and 1 : 100 at best, and so any system that reduces the available energy to any extent should be well considered before being put into use.









Objectives


Objectives, too, must be carefully chosen. It has already been noted that autofluorescence is a hazard with bright-field illumination, and for that system only the simpler achromat objectives are practical. With dark-ground illumination the range of objectives is considerably widened, and more elaborate lenses with higher apertures and better ‘light gathering power’ are possible.












Incident light fluorescence


The trend today in fluorescence techniques is in incident illumination, or lighting from above and through the objective down to the object (Fig. 3.28). A number of advantages are gained over the transmitted route.
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Figure 3.28 (a) Diagram of incident fluorescence microscope layout. (b) Effect of dichroic mirror.




In principle the excitation beam, after passing the selection filters, is diverted through the objective on to the preparation where fluorescence is stimulated. This fluorescence travels back to the observer by the normal route (Fig. 3.28a). Dichroic mirrors have been produced to divide and divert the beam. These mirrors have the property of being able to transmit light of some wavelengths and reflect other wavelengths (Fig. 3.28b). By selection of the appropriate mirror, the wavelength desired is reflected to the object; the remainder passes through to be lost. At the same time, visible fluorescent light collected by the objective in the normal way can pass to the eyepiece, and any excitation rays bouncing back (from slide and coverglass) are reflected back along their original path to the source, thus being prevented from reaching the observer. Since the objective in this system also acts as a condenser, the illumination and objective numerical apertures are one and the same, optically correct, and at their most efficient condition. Fluorescence is stimulated on the observer’s side of the preparation, and is therefore more brilliant, not being masked by covering material or section thickness.


It is also possible to bring into use any type of objective, including sophisticated phase contrast and interference contrast objectives, for simultaneous transmitted illumination with normal tungsten lighting, and to demonstrate both the fluorescence and the morphology of the preparation. This is useful where normal stains cannot be used for fear of masking any fluorescent reactions.


The use of dichroic mirrors in these systems has made possible much brighter images, since up to 90% of the exciting energy can reach the preparation, and 90% of the resultant visible light can be presented to the eye. In addition, new objectives, of both oil and water immersion types, in low and high powers, have been developed. As immersion objectives they have higher numerical apertures, and can gather more light, avoiding much of the lost stray light reflected from coverslips. The use of low-magnification eyepieces is now more widely accepted, improving fluorescence techniques far beyond anything hitherto possible.


Due to the filters and light sources used in fluorescence microscopy, modern systems generally rely on digital image capture, and these images are monochrome (black and white) images. The highly colored fluorescence images which appear in publications are all the result of pseudo-coloring composite images.









The confocal microscope


In fluorescence microscopy using conventional epi-fluorescence microscopes, the fluorochrome present in the field of view will be excited whether it is in or out of focus. The effect is that the out-of-focus fluorescence will reduce the contrast and resolution of the image. The confocal system uses a pinhole stop to observe the specimen in such a way as to exclude the out-of-focus portion of the image. In essence the axial resolution in the confocal system is greatly improved to 0.35 mm (in reflection) with additional small but important gains in lateral resolution, and therefore the method lends itself to optical sectioning. With modern computer technology and Windows®-based software a series of optical sections can be recombined to create a 3D image of a cell or structure even with multiple labeling techniques.
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