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75 Technical Considerations for Medical 
76 Devices with Physiologic Closed-Loop 
77 Control Technology 

______________________________________________________________________________ 78 

Draft Guidance for Industry and 79 

Food and Drug Administration Staff 80 
81 

This draft guidance, when finalized, will represent the current thinking of the Food and Drug 82 
Administration (FDA or Agency) on this topic.  It does not establish any rights for any person 83 
and is not binding on FDA or the public.  You can use an alternative approach if it satisfies 84 
the requirements of the applicable statutes and regulations. To discuss an alternative 85 
approach, contact the FDA staff or Office responsible for this guidance as listed on the title 86 
page. 87 

88 

I. Introduction 89 

A Physiological Closed-Loop Controlled (PCLC) device is a system consisting of physiologic-90 
measuring sensors, actuators, and control algorithms that adjusts or maintains a physiologic 91 
variable through automatic adjustments to delivery or removal of energy or article (e.g., drugs, or 92 
liquid or gas regulated as a medical device) using feedback from a physiologic-measuring 93 
sensor(s). PCLC technology can enable automation in a variety of medical device types. Such 94 
devices have the potential to deliver timely, accurate and consistent therapy and can play an 95 
important role in reducing cognitive overload, minimizing human error, and enhancing medical 96 
care including, for example, during emergency response and medical surge situations. Ensuring 97 
patient safety is an important consideration while evaluating the potential benefits of PCLC 98 
devices. 99 

100 
This document highlights technical considerations for the development of medical devices 101 
employing PCLC technology to ensure safe and effective use and provides recommendations for 102 
the content of premarket submissions (i.e., premarket notifications (510(k)s), De Novo requests, 103 

104 premarket approval applications (PMAs), Humanitarian Device Exemptions (HDEs)) for such 
105 devices. 
106 
107 For the current edition of the FDA-recognized consensus standard(s) referenced in this 
108 2 document, see the FDA Recognized Consensus Standards Database. 

2 Available at https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfStandards/search.cfm 
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109 
110 The contents of this document do not have the force and effect of law and are not meant to bind 
111 the public in any way, unless specifically incorporated into a contract. This document is intended 
112 only to provide clarity to the public regarding existing requirements under the law. FDA 
113 guidance documents, including this guidance, should be viewed only as recommendations, unless 
114 specific regulatory or statutory requirements are cited. The use of the word should in Agency 
115 guidance means that something is suggested or recommended, but not required. Throughout this 
116 guidance, the terms “FDA,” “the Agency,” “we,” and “us” refer to the Food and Drug 
117 Administration and the terms “you” and “yours” refer to medical device manufacturers. 

The Center for Devices and Radiological Health (CDRH) held a public workshop entitled 

devices used in critical care environments.3 Automated therapy delivery, such as automated fluid 
resuscitation, ventilation/oxygenation, and anesthesia delivery, are emerging applications for the 

3 Available at http://wayback.archive-

118 
119 

120 II. Background 
121 Automation in PCLC devices is enabled by the control system technology in host medical 
122 devices such as infusion pumps, ventilators, extracorporeal systems (e.g., dialysis delivery 
123 systems and organ reperfusion devices), and stimulation systems. PCLC devices can benefit the 
124 patient by facilitating safe and effective, consistent, and timely delivery or removal of energy or 
125 article (e.g., drugs, or liquid or gas regulated as a medical device). However, introducing 
126 automation and minimizing clinician involvement can incur new types of hazardous situations 
127 that can render the medical device unsafe if not properly designed or evaluated. Algorithm flaws, 
128 lack of operational transparency, and automation bias are examples of potential automation-
129 induced hazards. 
130 
131 
132 “Physiological Closed-Loop Controlled Devices” on October 13 and 14, 2015, with the aim of 
133 fostering an open discussion on design and evaluation considerations associated with PCLC 
134 
135 
136 critical and emergency care environments. This workshop provided a forum for medical device 
137 manufacturers, clinical users and academia to discuss technical considerations for automated 
138 medical devices with PCLC technology.4 The feedback received during this workshop and from 
139 numerous interactions with companies designing PCLC medical devices through the Q-
140 submission process5 was taken into consideration while drafting this guidance. 
141 

it.org/7993/20170112084803/http:/www.fda.gov/MedicalDevices/NewsEvents/WorkshopsConferences/ucm457581. 
htm 
4 A summary of the discussion topics of the workshop can be found in Parvinian B, Scully C, Wiyor H, Kumar A, 
and Weininger S. Regulatory Considerations for Physiological Closed-Loop Controlled Medical Devices Used for 
Automated Critical Care: Food and Drug Administration Workshop Discussion Topics. Anesthesia and Analgesia. 
2018 Jun; 126(6): 1916-1925. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6233305/ 
5 Information regarding the Q-submission process can be found in “Requests for Feedback and Meetings for 
Medical Device Submissions: The Q-Submission Program - Guidance for Industry and Food and Drug 
Administration Staff” available at https://www.fda.gov/regulatory-information/search-fda-guidance-
documents/requests-feedback-and-meetings-medical-device-submissions-q-submission-program 

5 
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6233305/
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but are not limited to, automated anesthesia delivery systems, mechanical ventilation, and 150 
hemodynamic stability systems. Manufacturers should consider applying certain principles in 151 
this guidance to medical devices with automatic technology that adjust delivered energy or 152 
article to control a non-physiologic variable (e.g., pressure in a ventilator breathing circuit). 153 

154 
Although elements of this guidance may be applicable to active implantable devices with PCLC 155 
technology, including neurostimulators and pacemakers, additional considerations outside the 156 
scope of this guidance may also need to be addressed (e.g., related to the long-term use of the 157 
PCLC function). In some cases, there may be device-specific guidances that should also be 158 
utilized, and this guidance is not intended to supersede other device-specific guidances. 159 

160 
The technical recommendations in this document should be applied as appropriate to the 161 
following premarket submissions: 162 

• Premarket notifications (510(k)); 163 
• De Novo requests; 164 
• Premarket Approval (PMA) Applications; and 165 
• Humanitarian Device Exemptions (HDE). 166 

167 
Overall premarket submission requirements and recommended information to provide can differ 168 
depending on the submission type. Additional information on each submission type can be 169 
found on the FDA’s Premarket Submissions webpage.8 The type of premarket submission that 170 
is required for your PCLC device is determined by the classification of your device, based on 171 
the risk of the device and the level of regulatory controls necessary to provide reasonable 172 
assurance of safety and effectiveness for the device. This guidance document does not include 173 
information about the classification of PCLC devices. Questions regarding the regulatory 174 
requirements for specific devices should be submitted through the Q-Submission process, see 175 

Contains Nonbinding Recommendations 

Draft – Not for Implementation 

142 III. Scope 
143 This guidance provides technical considerations related to the PCLC technology when designing 
144 PCLC medical devices. PCLC medical devices can include functions or components6 that have 
145 risks separate from the PCLC functions that are not addressed in this guidance.7 Not all 
146 considerations in this guidance will be applicable to every PCLC device given the variety of 
147 device types that can incorporate PCLC technology. Manufacturers should determine and justify 
148 in premarket submissions, which considerations are appropriate for their device based on the 
149 technology being used and the intended use of the device. Example PCLC device areas include, 

6 In this guidance, the word component refers to the functional elements that make up a PCLC device. For example, 
the physiologic-measuring sensor(s), actuator(s), and software implementing the control algorithm are all 
components of a PCLC device.
7 In addition, this guidance does not address considerations with respect to the compatibility between a PCLC device 
and the article intended to be delivered, nor does it address the technical considerations with respect to evaluating 
whether the PCLC device is suitable for delivery of the article.
8 Available at https://www.fda.gov/medical-devices/how-study-and-market-your-device/premarket-submissions 
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process11 to obtain more detailed feedback on clinical study designs evaluating the risks of their 
automated medical devices with PCLC technology. 

This guidance is not intended to provide specific recommendations as they relate to machine 
learning (ML) aspects of a PCLC device design. We recommend discussing with the Agency 
through the Q-submission process12 the design and test plan of control algorithms designed with 
and/or incorporating ML. 

IV. Definitions 
The definitions listed here are for the purposes of this guidance and are intended for use in the 
context of the design and evaluation of PCLC devices. 

Automation bias: the tendency for users to give greater belief to information from automation 
technology without verification 

Complacency: a phenomenon that refers to the monitoring of technology less regularly or with 
less vigilance because of a lower degree of suspicion of error and a stronger belief in its accuracy 

Entrance criteria: information about the patient and clinical state that the user enters into the 
PCLC device before beginning an automated mode 

Exit criteria: information about the patient and delivered energy or article communicated by the 
PCLC device to the user when an automated mode is ending 

Contains Nonbinding Recommendations 

Draft – Not for Implementation 

176 “Requests for Feedback and Meetings for Medical Device Submissions: The Q-Submission 
177 Program - Guidance for Industry and Food and Drug Administration Staff.” 9 

178 
179 Many of the recommendations here can also be useful for supporting the safety of a PCLC 
180 device in an Investigational Device Exemption (IDE).10 The design and testing of a device 
181 incorporating PCLC technology will depend on a variety of factors, including, but not limited 
182 to, the energy or article being delivered, environment of use, level of automation, training of the 
183 user population, patient population, validity of the sensor, method of control algorithm design, 
184 and properties of the delivery system. CDRH encourages sponsors to utilize the Q-Submission 
185 
186 
187 
188 
189 
190 
191 
192 
193 

194 

195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 

9 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-
meetings-medical-device-submissions-q-submission-program
10 For additional information related to IDE submissions, see the FDA’s Investigational Device Exemption webpage 
(https://www.fda.gov/medical-devices/how-study-and-market-your-device/investigational-device-exemption-ide). 
11 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-
meetings-medical-device-submissions-q-submission-program
12 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-
meetings-medical-device-submissions-q-submission-program 
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210 Fallback mode: mode of operation (or state) into which the PCLCS [physiological closed-loop 
211 control system] transitions when the PCLC stops operating due to detection of a fault13 

212 
213 Loss of situational awareness: reduction of the user’s awareness of the patient or technology 
214 state due to the automation of clinical decisions and execution functions by a device 
215 
216 Physiological closed-loop controlled device: a medical device that automatically adjusts or 
217 maintains a physiologic variable(s) through delivery or removal of energy or article14 (e.g., 

drugs, or liquid or gas regulated as a medical device) using feedback from a physiologic-218 
measuring sensor(s) 219 

220 
Physiologic variable: quantity or condition, from a patient, whose value is subject to change and 221 
can usually be measured15 222 

223 
Physiologic-measuring sensor: measurement component of a PCLC device that uses a 224 
combination of patient-contact or imaging materials, transducers, signal conditioning, and 225 
algorithms to estimate the value of a physiologic variable16 [Note: When the term sensor is used 226 
in this guidance document it is referring to a physiologic-measuring sensor.] 227 

228 
Skill degradation: reduction of decision-making and execution ability which can lead to 229 
forgetting and skill decay manifestation if the clinical decision-making choices are consistently 230 
executed by automation 231 

232 

V. Design Considerations for PCLC Devices 233 

Consistent with 21 CFR part 820.30, a manufacturer must establish, document, and maintain 234 
throughout the medical device lifecycle an ongoing process for design control activities, which 235 
can include activities such as identifying hazards, estimating and evaluating the associated risks, 236 
controlling these risks, and monitoring the effectiveness of the controls. This process should 237 
include risk analysis, risk evaluation, risk control, and incorporation of production and post-238 
production information. Recommendations below related to the design process address risk 239 

13 Clause 3.11 of International Electrotechnical Commission (IEC) 60601-1-10 Edition 1.2 2020-07: Medical 
electrical equipment - Part 1-10: General requirements for basic safety and essential performance - Collateral 
Standard: Requirements for the development of physiologic closed-loop controllers
14 The term article in this guidance is used in the same way as substance in IEC 60601-1-10 Edition 1.2 2020-07: 
Medical electrical equipment - Part 1-10: General requirements for basic safety and essential performance -
Collateral Standard: Requirements for the development of physiologic closed-loop controllers
15 Adapted from Clauses 3.21, 3.28, and 3.29 in IEC 60601-1-10 Edition 1.2 2020-07 : Medical electrical 
equipment - Part 1-10: General requirements for basic safety and essential performance - Collateral Standard: 
Requirements for the development of physiologic closed-loop controllers
16 The term physiologic measuring sensor in this guidance document is used in the same way as measuring transfer 
element in IEC 60601-1-10 Edition 1.2 2020-07: Medical electrical equipment - Part 1-10: General requirements 
for basic safety and essential performance - Collateral Standard: Requirements for the development of physiologic 
closed-loop controllers 
. 
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240 management considerations, system and component level design considerations, and verification 
241 and validation considerations. Design inputs for a device with PCLC technology should consider 
242 the risks associated with the complete device and not only the PCLC functions. The design of a 
243 PCLC device should support safe use in the patient population, clinical environment, and clinical 
244 workflow in which the device will be used. We recommend that manufacturers follow 
245 development procedures as described in International Electrotechnical Commission (IEC) 
246 60601-1-10: Medical electrical equipment - Part 1-10: General requirements for basic safety 
247 and essential performance - Collateral Standard: Requirements for the development of 

physiologic closed-loop controllers or an equivalent method when designing PCLC devices, as 248 
well as risk management process recommendations as described in International Organization for 249 
Standardization (ISO) 14971: Medical devices - Application of risk management to medical 250 
devices. 251 

252 
253 
254 

Risk Management Considerations 255 

PCLC devices are complex systems that involve and have performance affected by measurement 256 
devices, therapy delivery devices, control algorithms, software, user interfaces, characteristics of 257 
the article being delivered, and the patient’s physiology. Hazards can arise from failures of 258 
individual device components, loss of communication between components, software failures, 259 
inappropriate control algorithm design, use errors, or disturbances to the patient’s physiology. 260 
This can result in harm to the patient due to too much or too little energy or article being 261 
delivered, either over a short time period or the length of time the PCLC device is being applied 262 
to the patient. We recommend manufacturers consider hazards identified in IEC 60601-1-10 263 
(e.g., Clause 4 General Requirements of IEC 60601-1-10 Edition 1.2 2020-07) and follow all 264 
recommendations related to risk management in this consensus standard. Appropriate 265 
verification and validation techniques will depend on the risks of individual hazards as well as 266 
the type of hazard. 267 

268 
FDA recommends identifying the following causes of hazards as part of the risk analysis in a 269 
PCLC device submission. The submitted risk analysis should include hazards that were 270 
considered, possible hazardous situations, the risks that can result from each, and how the 271 
hazards and risks were addressed. 272 

273 

(1) Patient-related hazards 274 
275 The response of the patient to the energy or article being delivered or removed (i.e., the patient 
276 transfer element as defined in IEC 60601-1-10) is a critical factor to consider in the design. This 
277 response can differ between patients (inter-patient variability) and within an individual patient 
278 (intra-patient variability). It can be affected by disturbances caused by, for example, other 
279 therapies being delivered to the patient. These scenarios can affect the patient’s response and 
280 cause the system to not perform as anticipated, if the PCLC device is not designed and tested 
281 adequately, and result in the delivery of inappropriate therapy and harm to the patient. Safely 
282 managing such scenarios involves adequately characterizing the patient’s response and using this 
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283 information to design appropriate controllers, safe fallback modes, and communication to the 
284 user. Safe mitigations are not the same for all patient populations, environments of use, or 
285 clinical workflows. Design considerations including risk analysis, user interface designs, safety 
286 features, testing needs, and training can vary depending on the specific patient population a 
287 PCLC device is intended for and how the device is expected to impact patient care and clinical 
288 workflows. We recommend manufacturers identify the following related to the patient 
289 population: 
290 

320 • Physiological response to concurrent therapies expected for the intended patient 
321 population including other PCLC devices that can be applied to the patient (e.g., other 
322 drugs that might affect the patient’s response); 
323 • Disturbances to the patient’s response that can occur, such as change in other 
324 therapies being provided, movement or change in positioning of the patient; and 

• Intended patient population, including diseases, health status, and potential 291 
comorbidities; 292 

• Contraindications for use of the PCLC technology; 293 
• Clinical environment where the device is intended to be used (e.g., patient transport, 294 

intensive care unit, operating room); 295 
• Current standard of care related to device objective, including the various therapies 296 

and physiologic variables and measurements that could be used to make therapy 297 
decisions related to the objective of the PCLC technology in the intended patient 298 
population; and 299 

• Identification of differences between the standard of care and the method that will be 300 
employed by the PCLC device (e.g., if current standard of care relies on a 301 
comprehensive patient assessment to make decisions about changes, but the PCLC 302 
technology will only use a single measured physiologic variable). 303 

304 
When designing a PCLC device, manufacturers should characterize and consider disturbances 305 
related to the patient’s response as relevant for their device and consider the following in their 306 
risk analysis: 307 

308 
• Expected response of the physiologic variable being controlled to the delivered 309 

energy or article in the intended patient population including delays in the response of 310 
the physiologic variable to the delivered energy or article and considering, as 311 
applicable, how changes to the article being delivered (e.g., formulation changes for a 312 
drug) may affect that response; 313 

• Variability in the physiological response between patients (i.e., inter-patient 314 
variability); 315 

• Variability/changes in the physiological response over time due to, for example, 316 
disease progression (i.e., intra-patient variability); 317 

• Interactions between systems that can result in changes in the controlled physiologic 318 
variable (e.g., respiratory modulation of the arterial pressure waveforms); 319 

10 
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325 • Other physiologic variables besides the physiologic variable intended to be controlled 
326 that can be affected by the delivered energy or article (e.g., respiratory effects during 
327 PCLC for pain management). 
328 

329 (2) Device-related hazards 
330 Device-related hazards refer to those hazards resulting from the PCLC device and its 
331 components, rather than the patient. Manufacturers should identify and characterize uncertainties 

in their system design and foreseeable functional disturbances given the clinical environment and 332 
workflow. Examples of device-related hazards that manufacturers should consider in their risk 333 
management process include the following: 334 

335 
• Transient as well as persistent motion / noise artifacts in the measured feedback 336 

variable; 337 
• Accuracy of sensor is not sufficient; 338 
• Component (e.g., sensor or actuator) no longer meets system specifications; 339 
• Communication failure between device components; 340 
• Actual quantity of delivered energy or article not equal to that set by the control 341 

algorithm (e.g., due to physical saturation of the actuator); 342 
• Latency and delay times within the system and individual components that can result 343 

in unsafe conditions; 344 
• Other known risks associated with the individual PCLC device components and any 345 

single fault in the system; and 346 
• If a PCLC device uses a component that is a legally marketed device (e.g., a 347 

510(k)-cleared blood pressure monitor that serves as the physiologic-measuring 348 
sensor in the PCLC device), we recommend you also evaluate postmarket 349 
information such as recalls and Medical Device Reporting. We recommend that 350 
manufacturers address any postmarket concerns identified for these PCLC device 351 
components that can impact the performance of the PCLC device, and provide 352 
information on mitigations in your device design and labeling that addresses this 353 
issue. 354 

• Changes to third-party components of the PCLC device that can affect the safety or 355 
performance of the PCLC device or changes to the article (e.g., drug) that the PCLC 356 
device delivers so that the PCLC device and article are no longer compatible. 357 
• FDA recommends that manufacturers of PCLC devices establish processes, as 358 

part of their Quality System (see 21 CFR part 820), to identify when changes to 359 
third-party components used as part of their device, or changes to the articles that 360 

361 the PCLC device delivers, occur and evaluate whether the changes no longer meet 
362 the PCLC device specifications. 

363 (3) Use-related hazards 
364 To ensure PCLC devices with automatic decision-making capabilities operate as intended, it is 
365 important to have an accurate understanding of fundamental human factors considerations such 
366 as human cognitive capabilities and limitations, and how these impact human-automation 
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367 interactions for the PCLC device. When designing devices with varying levels of automation, we 
368 recommend that manufacturers consider the possibility that users can experience reduced 
369 interactions with the patient and device compared to current standard of care. As a result of 
370 reduced interaction, the user could not have a complete understanding of the patient or device 
371 status (reduced cognitive awareness) jeopardizing their ability to provide appropriate 
372 interventional responses. 
373 
374 Designers of PCLC devices should consider how a user’s role can change from active to passive 

interaction with the automated features. Careful consideration is needed to address such reduced 375 
interactions. Users could have the tendency to over-trust or over-rely on the device automation 376 
which can affect the users’ ability to recognize the need for interventions. Therefore, we 377 
recommend manufacturers consider that the human-automation interaction has the potential to 378 
introduce automation-related use errors relative to complacency, automation bias, loss of 379 
situational awareness, and skill degradation on behalf of the users. Determining the anticipated 380 
users will help in appropriately applying risk management strategies for activities such as 381 
designing the device user interface and developing appropriate labeling for use of the device. We 382 
recommend manufacturers consider the following related to the anticipated users when designing 383 
a PCLC device: 384 

385 
• Whether the device will be operated by physicians, nurses, other clinical staff, 386 

patients (for example, if patients will be able to modify the target level), or other 387 
caregivers; 388 

• Expected training of users related to the objective of the PCLC technology in the 389 
intended patient population; 390 

• Level of clinical supervision expected for the patient population; and 391 
• Whether biomedical technicians or other individuals can service or configure the 392 

device. 393 
394 

A PCLC device can have the capability of sensing and processing patient physiological data and 395 
executing therapeutic decisions with varying levels of clinician involvement for a particular 396 
decision; this can be referred to as the level of automation of the device. Understanding the 397 
levels of automation and associated hazards is critical to safe operation of the subject device. 398 
Use-related risks and design considerations can depend on the level of automation that the PCLC 399 
device employs (for example, methodologies to classify the degree of autonomy see IEC/TR 400 
60601-4-1: Medical electrical equipment -- Part 4-1: Guidance and interpretation -- Medical 401 
electrical equipment and medical electrical systems employing a degree of autonomy). These 402 
use-related risks are dependent on user’s behavior, which is difficult to predict. An appropriate 403 

404 risk management technique should be used to identify these human-automation interaction 
405 hazards so that effective mitigation measures can be implemented. The manufacturer should 
406 consider human factors and user characteristics such as sensory ability, attention, memory, 
407 reasoning, decision-making, emotions, knowledge, experience, and skills associated with each 
408 automation level when deciding how to automate a device. 
409 
410 We recommend that manufacturers perform a use-related risk analysis assessing the potential 
411 harm that could arise during step-by-step use of the device. Any reasonable, foreseeable misuse 
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412 as well as known risks associated with the PCLC device components should be taken into 
413 account in this use-related risk analysis. However, automation-related use errors are not always 
414 predictable until a device is used in clinical situations. Therefore, we recommend that when 
415 clinical studies are performed, manufacturers collect data on device operation during clinical 
416 situations, including when fault conditions occur and fallback modes are entered, to examine 
417 user responses. This information can then be used as part of the process to identify use-related 
418 hazards. 
419 
420 Manufacturers should follow recommendations in the FDA guidance document, “

transparent and reliable fashion. Manufacturers should set design specifications such that 
handling of challenging clinical (e.g., patient variability) and functional (e.g., component 

A PCLC device includes 1) a sensor(s) that measures a physiologic variable from the patient, 2) 

Specifications of IEC 60601-1-10 Edition 1.2 2020-07). 

Applying 
421 Human Factors and Usability Engineering to Medical Devices,”17 when performing risk 
422 management for use-related hazards considering all device user-automation interfaces such as 
423 dynamic information displays, buttons, and logic of operations that can impact the device use. 
424 

425 PCLC Device Design 
426 PCLC devices can have different design and engineering parameters. Some systems can combine 
427 PCLC device components into a single unit while others can include distributed components. 
428 The design of PCLC devices can include different approaches towards risk mitigation and 
429 system fault handling, including inclusion of various open-loop and manual modes in case of 
430 fault occurrence and the use of supervisory layers that determine how and when the transition 
431 from these modes should take place. Regardless of the design method, FDA recommends that the 
432 design of the PCLC device is such that device safety and performance can be assessed in a 
433 
434 
435 malfunction) scenarios can be verified and to enable root cause analysis for corrective action 
436 where needed. 
437 
438 
439 a controller/control algorithm, and 3) an actuator that delivers or removes energy or article to the 
440 patient (see Figure 1). We recommend manufacturers describe the technical components and 
441 specifications of a PCLC device as described in IEC 60601-1-10 (e.g., Clause 8.2.2 Equipment 
442 
443 

17 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/applying-human-
factors-and-usability-engineering-medical-devices 
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444 
Figure 1. Basic block diagram of a PCLC system. The “Patient” block includes the patient’s 445 

physiologic processes that will be affected by the manipulated variable (i.e., the delivered energy 446 
or article). While a “Disturbance” arrow is shown here to act on the patient and the patient’s 447 

physiologic processes, disturbances could occur at various points in a PCLC system. 448 
449 

As part of the device description for a PCLC device in a premarket submission, manufacturers 450 
should identify and describe the elements in C(1-5) below. This should include information on 451 
the individual components that are part of the PCLC device design and how these components 452 
are integrated so that the PCLC device can function as intended. FDA recommends that, where 453 
possible, the manufacturer provide a schematic of the system configuration in the form of a 454 
functional block diagram with the physiologic variable, sensor, control algorithm, actuator, 455 
delivered energy or article, and patient clearly identified within the context of the device 456 
description (see Figure 1). The input/output relationship of each element (e.g., sensor, actuator, 457 
patient) in the system should be identified to allow for a description of the complete system over 458 
its intended range and under various pathological conditions. FDA recommends manufacturers 459 
identify and describe all automated modes and features related to the PCLC technology, describe 460 
all fallback modes, and provide information on how the user interacts with and sets device 461 
parameters including ranges of configurable parameters that can be set by the user in the device 462 
description. This should include information on all phases of therapy that will be controlled 463 
including the length of time the device is expected to be applied to the patient (e.g., inductance of 464 
anesthesia, maintenance of anesthesia, and/or emergence of anesthesia) and whether automated 465 
PCLC technology will make determinations, for example, about the therapeutic objectives (e.g., 466 
by determining the appropriate target level for a physiologic variable). For PCLC devices that 467 
deliver drugs or other regulated medical products, the PCLC device manufacturer should 468 
describe how the design, including the control algorithm, delivers the article consistent with the 469 
labeling of the product that is being delivered (e.g., maximum rate and cumulative amount over 470 
time of drug the PCLC device can deliver). The PCLC device labeling should also include 471 

472 information regarding compatibility with the article (e.g., drugs, or liquid or gas regulated as a 
473 medical device) it is intended to deliver. 
474 
475 Components of a PCLC device (e.g., sensors and actuators) can be specifically designed for the 
476 PCLC device or selected from existing off-the-shelf parts (i.e., a component that by itself is not a 
477 medical device) or can be existing, cleared or approved, stand-alone medical devices (e.g., 
478 infusion pumps, patient monitor). PCLC device component specifications should support the 
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479 component’s function as part of the PCLC device considering the risks related to inadequate 
480 component performance. The performance specifications needed for a medical device used as a 
481 component in a PCLC device can be different from the performance specifications of the stand-
482 alone medical device. For example, a sensor device with a certain accuracy level could be 
483 appropriate for stand-alone applications, but that same accuracy level would not be adequate for 
484 the PCLC device to meet performance specifications. Manufacturers should also consider 
485 relevant FDA guidances or special controls for PCLC device components that are previously 
486 cleared or approved devices. For example, an infusion pump developed to serve as an actuator in 

a PCLC device should follow recommendations in the FDA guidance document, “Infusion 487 
Pumps Total Product Life Cycle,”18 as applicable for the PCLC device. For PCLC devices that 488 
include interoperable medical devices as part of the PCLC device, manufacturers should refer to 489 
the “FDA Guidance Document: Design Considerations and Premarket Submission 490 
Recommendations for Interoperable Medical Devices.”19 491 

(1) Control Algorithms 492 
The control algorithm determines the automated actions of the PCLC device. The main function 493 
of the control algorithm is to determine adjustments to the delivered energy or article so that the 494 
PCLC device meets clinically relevant performance specifications as defined in IEC 60601-1-10, 495 
such as response time, settling time, relative overshoot, steady state-deviation, tracking error, and 496 
switching between therapy modes over the range of expected uncertainty. We recommend 497 
manufacturers specify the system response characteristics such as those listed in Clause 8.2.2.6 498 
(Responses of the PCLCS) of IEC 60601-1-10 Edition 1.2 2020-07, or define equivalent system 499 
response specifications as applicable for their device. 500 

501 
The design of control algorithms used in a PCLC device should be based on a characterization of 502 
the response of the physiologic variable to the energy or article provided by the PCLC system as 503 
well as the interplay of any factors that can affect such dynamics. For example, in an automated 504 
anesthesia system, the pharmacokinetics/pharmacodynamics and therapeutic index of the drug as 505 
well as time-varying patient sensitivity to the drug should be considered by the controller to 506 
safely induce and maintain anesthesia. Any element that affects these dynamics (e.g., 507 
concomitant drugs that can affect the patient’s response to the drug provided by the device with 508 
PCLC technology) should be considered in the controller design as it can affect the controller 509 
performance, stability and safety. 510 

511 
A control algorithm should be designed to perform in the presence of inter-patient/intra-patient 512 
variability, disturbances, environmental interference, and other related hazards discussed in 513 
Section V.B. Risk Management Considerations of this guidance. We recommend manufacturers 514 
follow IEC 60601-1-10 (e.g., Clause 8.2.3.2 Disturbance Analysis of IEC 60601-1-10 Edition 515 

516 1.2 2020-07) to identify and characterize disturbance variables, as applicable to their automated 

18 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/infusion-pumps-total-
product-life-cycle
19 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-
and-pre-market-submission-recommendations-interoperable-medical-devices 
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517 medical device with PCLC technology and address how the control algorithm enables the PCLC 
518 device to meet specifications during these conditions. 
519 
520 In many cases, a PCLC system with one control algorithm may not be sufficient to function as 
521 intended in the use scenario. As a result, PCLC technology within a medical device can consist 
522 of multiple control algorithms functioning simultaneously or within different modes that the 
523 system switches between. For example, for the purpose of automatic oxygen delivery, different 
524 control algorithms can be designed and activated depending on whether the patient is in a state of 

normoxemia, hypoxemia or hyperoxemia. In another example, for closed-loop anesthesia, 525 
individual control algorithms can be designed for induction, maintenance and emergence of 526 
anesthesia. FDA recommends manufacturers consider the following when using multiple control 527 
algorithms: 528 

529 
• In cases where different control algorithms are responsible for different phases of 530 

therapy, the system should be designed such that switching between control 531 
algorithms does not adversely impact the therapy provided. 532 

• User interfaces should be designed so that the user is able to identify the current 533 
operating mode and when the control algorithm switches modes. 534 

• The entrance/exit criteria for mode switching should be defined and implemented for 535 
each therapeutic mode. These criteria should be communicated to the user through the 536 
device user interface. 537 

• Control algorithms for all modes should be designed to meet their performance 538 
specifications during reasonably foreseeable disturbances. 539 

540 
Figure 1 shows a PCLC device operating as a single ‘loop’ (i.e., the control algorithm is 541 
automatically adjusting therapy to control a single physiologic variable). Multiple PCLC ‘loops’ 542 
can be applied to the same patient simultaneously. This can occur as a manufacturer introduces a 543 
PCLC device with multiple objectives, a new PCLC feature is added to an existing PCLC device, 544 
or two or more PCLC devices are intended to function together. The interaction between control 545 
loops that can be used together should be characterized to identify potential hazards arising from 546 
the system. For example, if the objective of a PCLC device is to control mean arterial pressure 547 
through vasoactive drug delivery and depth of anesthesia through hypnotic drug delivery, the 548 
influence of each loop on the other should be considered in the design. 549 

550 
Control algorithms can be designed using a variety of techniques that could result in varying 551 
levels of transparency and understanding of the control algorithm. This will have an impact on 552 
the methods that can be applied for verification and validation. We recommend manufacturers 553 

554 consider the following scenarios for designing a controller: 
555 
556 • The design can follow a mathematical model-based approach. In this case, a 
557 mathematical model of the underlying physiological dynamics and potential variabilities 
558 and disturbances that might be encountered in clinical settings is obtained or developed 
559 and used to design a control algorithm. This can facilitate evaluation by providing 
560 physiological insight, transparency, and a framework for the design of the controller. See 
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561 
562 
563 

Section VII.B(1) below for technical recommendations to establish the credibility of 
computational models used in the development of PCLC devices. 

564 
565 
566 
567 
568 

• The control algorithm can be designed based on, for example, a decision table developed 
from clinical guidelines or best practices (i.e., rule-based controller). In these scenarios, 
FDA recommends manufacturers examine the clinical evidence supporting the rules that 
the control algorithm will implement. Any differences between the implementation of the 
rules in the control algorithm and the way studies were implemented to determine and/or 
evaluate the rules should be identified. For example, a clinical study could be performed 569 
so that an infusion rate is adjusted once per hour according to a fixed decision table while 570 
a control algorithm could be designed to implement those updates more frequently. In 571 
this example, any clinical or physiological differences due to the faster update rate and 572 
how they could impact the safety and performance of the device should be considered. 573 

574 
• Control algorithms can be designed using machine learning (ML) approaches and/or 575 

include ML as part of the design. When preparing a premarket submission for control 576 
algorithms using ML approaches/designs, we recommend manufacturers describe the 577 
model (e.g., model architecture, implementation parameters) and training process for the 578 
ML control algorithm design. This should include information about the study design 579 
(e.g., patient population, any annotation process, data collection processes, how the data 580 
were partitioned and used to collect data for training and testing purposes). 581 
Manufacturers should describe how the patient population and methods used to develop 582 
and test the ML algorithms are representative of the intended patient population and use 583 
of the device. 584 

(2) Sensors 585 
The physiologic-measuring sensor in a PCLC device provides a patient-measured feedback 586 
variable to the control algorithm. In many scenarios, direct sensing of the physiologic variable of 587 
interest is not possible, and a sensor can provide a feedback variable (see Figure 1) to the control 588 
algorithm based on a representation of a physiologic variable. For example, when automatically 589 
delivering oxygen to neonates, it might not be possible to run continuous blood gas measurement 590 
to determine arterial oxygen saturation (SaO2), the physiologic variable intended to be 591 
controlled, and the manufacturer would need to rely on measurement of functional peripheral 592 
oxygen saturation (SpO2), the feedback variable, as sensed by a pulse oximeter. In this example, 593 
the objective of the PCLC technology is to control SaO2, and thus, the accuracy of SpO2 as a 594 
measure of SaO2 should be characterized across the intended patient population and considered 595 
in the design. The relationship between the feedback variable measured by the sensor and the 596 

597 physiologic variable of interest will affect the safety and performance of the PCLC device, and 
598 the performance of the feedback variable should be established and limitations of the relationship 
599 quantified for the intended application, user, patient population, and environment of use 
600 considering appropriate physiological and environmental variability. For example, in the case of 
601 an automated anesthesia delivery system based on EEG sensors, the effect of concomitant drugs 
602 (e.g., neuromuscular blockers, vasopressors), motion artifact, and surgical disturbances (e.g., 
603 electrocautery artifact) on the sensed depth of hypnosis should be considered across the expected 
604 patient population. 

17 



 
 

   
 

 
 

    
    

      
   

      
  

   
   

     
   

       
      

     
     

    
   

       
     

  
    

    
    
      

   
    

       
     

    
   

  
  

      
    

         
   

   
    

       
       

    
  

     
   

Contains Nonbinding Recommendations 

Draft – Not for Implementation 

605 
606 Manufacturers should consider the risks related to inadequate sensor performance within the 
607 PCLC device and determine design specifications related to the sensor to ensure that the PCLC 
608 device performs as intended. FDA recommends manufacturers consider the following when 
609 designing or selecting physiologic-measuring sensors to be used as part of a PCLC device: 
610 
611 • Sensor performance including measurement accuracy in relation to the physiologic 
612 variable of interest. 

641 The actuator (e.g., infusion pump, gas blender) component of a PCLC device receives a signal 
642 from the control algorithm and converts it to the physical delivery or removal of energy or article 
643 (e.g., therapy) to the patient. Failure of the actuator can cause therapy delivery to stop or result in 
644 delivery of therapy falling outside acceptable limits. 
645 
646 FDA recommends manufacturers consider the following when designing or selecting an actuator 
647 to be used as part of a PCLC device: 

• Linearity of the sensor in relation to the physiologic variable of interest across the 613 
expected measurement range. 614 

• Response time (i.e., latency) and bandwidth of the sensor to a change in the 615 
physiologic variable of interest. Sensors inherently exhibit some delay when 616 
measuring a change in the physiologic variable of interest. This delay could be 617 
negligible in the overall performance of the PCLC device or it could have detrimental 618 
impact on the performance. Manufacturers should account for and mitigate this 619 
response delay. 620 

• Any changes in sensor performance as a function of measurement range (e.g., pulse 621 
oximeters can have degraded accuracy at low saturations) within the relevant range 622 
for the PCLC device. 623 

• Any changes in sensor performance due to confounding factors in the intended patient 624 
population (e.g., interference from concomitant therapies). 625 

• Any change in sensor performance due to environmental factors. 626 
• Sensor update rate (i.e., the frequency that a sensor is designed to provide readings to 627 

the control algorithm). 628 
• Sources of signal artifacts that can affect sensor performance. Measurement devices 629 

can include signal quality detection mechanisms that identify when the sensed data is 630 
insufficient to report accurate measurements. Manufacturers of PCLC devices should 631 
consider if such systems are present, how the information is communicated to the 632 
control algorithm, and the response of the control algorithm to poor signal quality or 633 
missing data. 634 

635 
Additional sensors can be included as part of an automated medical device with PCLC 636 
technology to provide redundancy or additional information about the patient’s condition. For 637 
each sensor used as part of the PCLC device, the above items should be considered for the 638 
individual sensors. 639 

(3) Actuators 640 
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648 
649 • Accuracy of energy or article delivery across the range that can be applied by the 
650 PCLC technology. 
651 • Response time of the actuator to the signal from the control algorithm. 
652 • Physical limitations of the actuator (e.g., maximum flow rate) and compatibility with 
653 the control algorithm (e.g., errors resulting from saturation of the actuator). 
654 • Communication delay times associated with the output of the control algorithm. 
655 • For some PCLC devices, it would be necessary to monitor the actuator performance 

so that the system can detect faults related to the actuator and revert to fallback modes 656 
as appropriate. 657 

(4) System Safety Features 658 
In addition to the primary control loop, there are a number of design elements for PCLC 659 
technology that can enhance safety and ensure the system meets its design requirements. We 660 
recommend manufacturers consider safety features such as: 661 

662 
• Fallback modes – During the presence of some patient-related disturbances or device 663 

failure conditions, the PCLC technology would not be able maintain delivery of 664 
therapy as intended. Manufacturers should design their PCLC technology to detect 665 
unsafe conditions and have procedures in place for fault tolerance to ensure patient 666 
safety. We recommend manufacturers follow IEC 60601-1-10 (e.g., Clause 8.2.2.3 667 
Fallback Mode of IEC 60601-1-10 Edition 1.2 2020-07) related to fallback modes. 668 

669 
• Transparent entrance and exit criteria – The initiation of automated therapy 670 

delivery can depend on the patient state, how well the control algorithm is informed 671 
of that state, and the system response. FDA recommends manufacturers incorporate 672 
entrance criteria for the PCLC device so that the control algorithm has sufficient 673 
information about the patient state in order to initiate therapy as intended. Similarly, 674 
when a PCLC mode is ending the device should communicate relevant information to 675 
the user about the patient and device states for the user to safely manage the patient. 676 

677 
678 

• Constraints on delivered energy or article – FDA recommends manufacturers 679 
consider designing PCLC devices to constrain the energy or article delivered to 680 
minimize unsafe conditions. For example, where the controller is designed to 681 
administer the drug in a manner that is consistent with the drug labeling, such as the 682 
rate of infusion of a particular drug, this design would, among other things, minimize 683 

684 unsafe conditions. Another example of a clinical constraint is a closed-loop 
685 oxygenation and anesthesia gas delivery device in which the controller should not 
686 deliver oxygen below 21% to avoid hypoxic mixtures. The following provide 
687 examples of constraints to consider, noting that they would not be applicable to all 
688 device types: 
689 • Upper/lower limits of delivered energy or article; 
690 • Total delivered energy or article over time; 
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691 • Rate of change of energy or article delivered; and 
692 • Allowable overshoot/undershoot. 
693 
694 • Data logging – FDA recommends that PCLC devices follow IEC 60601-1-10 (e.g., 
695 Clause 6.3 PCLCS Variable Logging of IEC 60601-1-10 Edition 1.2 2020-07) related 
696 to data logging of variables for a PCLC device. As part of data and time recording 
697 capabilities, manufacturers should consider maintaining a log of system variables and 
698 parameters, any mode switches including entering a fallback mode, number of 

726 • Identify and communicate situations when the PCLC system is approaching safe 
727 operating limits or cannot safely control the intended physiologic variable (e.g., 
728 delivery rate saturated at the maximum value for longer than expected without the 
729 control objective being met). 

20 For more information on Medical Device Reporting see the “FDA Guidance Document: Medical Device 
Reporting: Guidance for Industry and Food and Drug Administration Staff” (https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/medical-device-reporting-manufacturers). 

adjustments to the physiologic variable, number of clinician interventions, any inputs 699 
to the user interface, and any other information essential to conduct root cause 700 
analysis in the event of system failure, malfunction, and/or patient harm. Information 701 
from data logging can be used in reporting Medical Device Reports,20 including those 702 
related to automation use-related faults. 703 

704 
• Alarms – When manufacturers include an alarm system, as described in IEC 60601-705 

1-10 (e.g., Clause 6.2 Alarm Systems of IEC 60601-1-10 Edition 1.2 2020-07), to 706 
notify users when hazardous situations exist, FDA recommends manufacturers follow 707 
IEC 60601-1-8: General requirements, tests and guidance for alarm systems in 708 
medical electrical equipment and medical electrical systems or an equivalent method 709 
to evaluate the alarm system. 710 

(5) User Interface 711 
We recommend that manufacturers consider the user interface as an important safety element of 712 
the PCLC device and follow IEC 60601-1-10 (e.g., Clause 6.1 Usability of IEC 60601-1-10 713 
Edition 1.2 2020-07) when developing their user interface. The user interface of a PCLC device 714 
directly influences aspects of a user’s understanding of the control algorithm and energy or 715 
article that it is delivering. We recommend manufacturers consider user interface designs for 716 
their PCLC device that: 717 

718 
• Communicate relevant patient health status and device states considering a user’s 719 

understanding of the device’s operation and previous knowledge (e.g., with relevant 720 
devices) to allow appropriate responses. 721 

• Ensure users have operational transparency, and can understand, supervise, monitor, 722 
and program the PCLC device operating at different modes. 723 

• Provide sufficient information to avoid confusion about the current and past operating 724 
states of the device. 725 

20 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/medical-device-reporting-manufacturers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/medical-device-reporting-manufacturers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/medical-device-reporting-manufacturers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/medical-device-reporting-manufacturers
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730 
731 
732 
733 
734 
735 
736 
737 

• Notify the user when the device enters a fallback mode due to occurrence of a fault in 
the system or switches to a different mode due to a change in the patient state 
including presenting clear information of why the change occurred, current mode of 
the device, and information for the user to successfully intervene if necessary. 
• For example, if the PCLC device delivers a drug in closed-loop mode and 

encounters a non-resolvable issue (e.g., sensor disconnected), the PCLC device, 
while notifying the user, can convert to an open-loop mode where therapy 
continues to be delivered at a pre-determined level. For the user to successfully 
intervene, information about the state of the patient such as the amount of drug 738 
delivered during the automatic mode, history of vital signs, reason for switching 739 
the mode, and how the issue can be resolved, should be communicated to the user 740 
through the device user interface. Likewise, if the automatic mode is to be 741 
resumed, the device should prompt for the user to input relevant information 742 
about therapy that was delivered by the user in order to ensure any safety 743 
constraints are met. 744 

• Communicate current and past quantity of energy or article delivered or removed, 745 
including with alarms as necessary, for providing transparency on device operation 746 
and preventing delayed detection of physiological deterioration. A PCLC device can 747 
stabilize a physiologic variable that has associated physiologic monitoring alarm 748 
conditions with automatic changes in therapy that could go unnoticed by the user. 749 
This could result in patient deterioration that goes unnoticed, where, without the 750 
PCLC device applied, it could be recognized by the user from an alarm on the patient 751 
monitor due to a change in the physiologic variable or due to the need to change the 752 
dose of therapy. 753 

754 
755 

Verification and Validation Considerations 756 

The verification (demonstrating that the device meets specifications) and validation (specified 757 
design meets user needs and intended uses) activities warranted will depend on the level of risks 758 
associated with the device, the purpose of the PCLC technology, and the intended use of the 759 
device. The medical device manufacturer must verify and validate the PCLC device design 760 
consistent with 21 CFR 820.30. For example, a manufacturer should: 761 

762 
• Verify that sensor(s) meet all specifications for the PCLC device. 763 
• Verify that actuator(s) meet all specifications for the PCLC device. 764 
• Verify and validate the performance of all safety features including fallback modes 765 

766 and alarm systems. 
767 • Verify that the PCLC system response related to safely controlling a physiologic 
768 variable meets specifications during normal and foreseeable worst-case conditions 
769 considering the range of device configurable parameters, modes of operation, clinical 
770 conditions, and patient conditions (i.e., inter-patient and intra-patient variabilities) 
771 that can affect the system performance. This can include a parameter sensitivity 
772 analysis to demonstrate that the device meets specifications across all combinations 

21 
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773 of adjustable parameter values. When applicable, we recommend providing graphical 
774 presentation(s) of time-domain responses such that any over- and under-shoot of 
775 desired delivery rates or physiologic set points can be determined at settings that will 
776 be commonly used. 
777 • Verify the PCLC system response meets specifications during foreseeable functional 
778 disturbances (e.g., sensor noise and/or drop out, actuator failure, worst-case delivery 
779 rates) and clinical disturbances (e.g., change in the patient’s response caused by a 
780 change in concomitant therapy), and demonstrate that the system responds as 
781 intended under these conditions. 
782 

Validate that the system will perform as intended. 

As part of the device performance testing typically submitted in a premarket submission, a 

animal, and/or clinical testing as discussed below in Section VII. When reporting non-clinical 
bench testing, manufacturers should consider the recommendations in the FDA guidance 

Information in Premarket Submission.”21 

• Validate the user interface(s) such as evaluating that user(s) are capable of correctly 
783 using the interface(s) including interpreting the therapy being provided by the PCLC 
784 system. 
785 • Validate that use-related risks are mitigated to an acceptable level. 
786 • Validate that the users understand how the system enters and exits different modes 
787 including device-human exchanges in operation and what the user needs to do during 
788 those periods. 
789 • Validate risk control measures for the user to respond when fault conditions and 
790 automation-related use errors occur. 
791 • Validate that the PCLC response specifications (e.g., Clause 8.2.2.6 of IEC 60601-1-
792 10 Edition 1.2 2020-07) support safe and effective operation during normal and 
793 foreseeable worst-case conditions. 
794 • 
795 
796 
797 manufacturer should include documentation on the results of verification and validation for the 
798 PCLC device that addresses the elements listed above. This can include bench, computational, 
799 
800 
801 document, “Recommended Content and Format of Non-Clinical Bench Performance Testing 
802 
803 
804 

805 VI. Non-Clinical Testing Considerations 
806 Evaluation of medical devices with PCLC technology necessitates a broad range of assessments 
807 common to medical devices such as biocompatibility, electromagnetic compatibility (EMC), 
808 electrical safety, sterility, cybersecurity, and software verification and validation. Manufacturers 
809 should refer to specific guidance documents related to these topics to determine when and what 
810 type of testing should be considered for their PCLC device. Additional testing not related to the 
811 PCLC technology could be warranted depending on the risks of the device. 
812 

21 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/recommended-content-
and-format-non-clinical-bench-performance-testing-information-premarket 

22 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/recommended-content-and-format-non-clinical-bench-performance-testing-information-premarket
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/recommended-content-and-format-non-clinical-bench-performance-testing-information-premarket
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/recommended-content-and-format-non-clinical-bench-performance-testing-information-premarket
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/recommended-content-and-format-non-clinical-bench-performance-testing-information-premarket
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813 When developing and evaluating a PCLC device, a combination of bench, computational, 
814 animal, and/or clinical test methods could be needed. Regardless of the specific test methods, 
815 FDA recommends that manufacturers consider following a structured method of designing 
816 disturbance and uncertainty scenarios to stress-test the PCLC device and ensure that the PCLC 
817 device is tested in clinically relevant worst-case conditions. The information in this section is 
818 intended to provide manufacturers with considerations for designing non-clinical testing for 
819 medical devices with PCLC technology. Clinical study designs for PCLC devices are expected to 
820 vary because of the variety of intended uses, risk profiles, and device designs. Therefore, this 
821 guidance document does not provide specific recommendations for performing clinical studies. 

scientific evidence to support the animal model chosen. 
Identification of the relevant physiological and anatomical differences between the 
animal model and intended human use. Manufacturers should justify why the animal 
model is appropriate given the physiological and anatomical differences between the 
animal model and human use. 

• Differences in the expected intra- and inter-subject variability in the response of the 

compared to human use. 
• If the PCLC device used in the testing differs from the final finished device, an 

do not affect the study results. 

822 Manufacturers are encouraged to refer to the FDA guidance document, “Design Considerations 
823 for Pivotal Clinical Investigations for Medical Devices” 22 and to interact with the Agency 
824 through the Q-submission process 23 when designing clinical studies for PCLC devices. 
825 

826 Animal Testing 24 

827 Animal testing of PCLC devices should address factors that cannot be evaluated through bench 
828 tests or in a clinical study. When in vivo animal studies are used to evaluate a PCLC device, we 
829 recommend manufacturers consider the following in their study design and include this 
830 information in premarket submissions as applicable: 
831 
832 • The clinical relevance of the animal model. The animal model should provide a test 
833 system that reasonably simulates use in humans. Manufacturers should provide 
834 
835 • 
836 
837 
838 
839 
840 physiologic variable to the delivered energy or article in the selected animal model 
841 
842 
843 assessment of why any differences between the device used and final finished device 
844 
845 • Use of a risk-based approach in developing animal study protocols. The animal study 
846 should address known risks of the PCLC device, which can be identified through 

22 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-
and-pre-market-submission-recommendations-interoperable-medical-devices
23 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-
meetings-medical-device-submissions-q-submission-program
24 FDA supports the principles of the “3Rs,” to reduce, refine, and replace animal use in testing when feasible. We 
encourage sponsors to consult with us if they wish to use a non-animal testing method they believe is suitable, 
adequate, validated, and feasible. We will consider if such an alternative method could be assessed for equivalency 
to an animal test method. 

23 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-meetings-medical-device-submissions-q-submission-program
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-meetings-medical-device-submissions-q-submission-program
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-meetings-medical-device-submissions-q-submission-program
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847 literature review, device design, bench testing and basic exploratory studies. The risks 
848 inherent to the indications for use should be considered as well. 
849 • Study conduct should be guided by a protocol with objectives that assess each 
850 identified risk, and acceptance criteria should be developed with a scientific rationale. 
851 Objectives to evaluate potential adverse effects on the structure and function of tissue 
852 locally and systemically should be included. 
853 • Best practices for the development, conduct and presentation of these animal studies 
854 while incorporating modern animal care and use strategies. 

• Any differences in the timeline (i.e., amount of time the PCLC device is applied to 855 
the animal) of the animal study versus the clinical study. 856 

857 
Animal studies intended to evaluate safety must be performed in compliance with 21 CFR Part 858 
58, Good Laboratory Practice for Nonclinical Laboratory Studies (GLP). Prior to performing 859 
animal studies, FDA recommends that manufacturers seek FDA input on the animal study 860 
protocol using the Q-Submission Program. 25 In addition, if you are proposing to use a non-861 
animal testing method that you believe is suitable, adequate, validated, and feasible, we also 862 
recommend that you discuss the proposal using the Q-Submission Program. We will consider if 863 
such an alternative method could be assessed for equivalency to an animal test method. 864 

865 
866 

PCLC Device Testing Using Mathematical and 867 
Computational Models 868 

PCLC systems are complex and there are many types of disturbances that could lead to unsafe 869 
conditions or to the device not functioning as intended. Evaluating a PCLC device in all possible 870 
clinically relevant scenarios using animal and/or clinical studies would not be feasible. Closed-871 
loop systems across engineering domains are traditionally designed using computational and 872 
mathematical modeling approaches to increase efficiency (e.g., by effective iterative design), 873 
reduce costs, and prevent errors during system development. Therefore, evaluation of a PCLC 874 
device using a computational and/or mathematical model of the patient response can provide an 875 
alternative to or supplement animal and/or clinical studies. FDA recommends that manufacturers 876 
refer to the “FDA Guidance Document: Reporting of Computational Modeling Studies in 877 
Medical Device Submissions”26 for FDA’s current thinking on information on computational 878 
modeling studies that should be collected and included in a premarket submission. 879 

880 
The validity of a model-based evaluation of a PCLC device will depend on, among other study 881 
design aspects, the computational model used and the evidence supporting that model. Generally, 882 

883 the patient model(s) used to design the control algorithm for a PCLC device will be different 
884 than the model(s) used for evaluation to validate device performance. The model used for design 
885 could be a simple model that captures basic physiological responses directly related to the inputs 

25 https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-meetings-
medical-device-submissions-q-submission-program
26 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/reporting-
computational-modeling-studies-medical-device-submissions 

24 
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and outputs of the PCLC device, while models used for evaluation could include, for example, a 
broader range of physiological responses, clinical inputs, and interactions with other 
physiological systems in order to simulate clinically relevant scenarios. We recommend each 
computational model used in PCLC device development, whether used for design or evaluation, 
be evaluated for predictive capability within its context of use. 

When developing a computational patient model (or selecting a previously developed 
computational patient model) for testing a PCLC device, we recommend the following 
considerations: 

• Include justification of the selections of numerical error sources in the study 
report. 

• Model validation, that is, comparison of model predictions against independent 
experimental or clinical data that were not used for model development, by 
addressing the credibility factors in ASME V&V 40 (i.e., Clause 5.2 Validation in 
ASME V&V 40-2018). We recommend that manufacturers consider the following: 

27 Verification and validation in this section refer to the evaluation of computational models and are used as defined 
in the “FDA Guidance Document: Reporting of Computational Modeling Studies in Medical Device Submissions” 

• Characterization of the input and output response of interest; 
• Identification and characterization of other physiologic system responses known to be 

impacted by the input or that interact with the physiological system of interest (e.g., 
cardiovascular and pulmonary system interactions can result in therapy to one system 
affecting the other); 

• Identification and characterization of inter-patient variabilities (e.g., range of 
responses expected from different patients); 

• Identification and characterization of intra-patient variabilities (e.g., degree to which 
an individual response can change over the course of a procedure); 

• Identification and characterization of physiological and clinical disturbance scenarios 
expected (e.g., changes in other therapies provided to the patient); 

• Assumptions of the model and how they can impact the testing and interpretation of 
the results; and 

• Parameter selection including how parameters were identified and values selected, 
and why the values are applicable to the intended patient population. 

Model evaluation should be focused around the proposed model context of use, that is the role of 
the model in performance testing of the PCLC device. We recommend credibility assessment of 
the computational patient model include consideration of: 

• Model verification,27 by addressing the credibility factors in ASME V&V 40 (i.e., 
Clause 5.1 Verification in ASME V&V 40-2018). We recommend manufacturers: 
• Identify sources of numerical error to include in calculation verification for the 

testing and computational patient model. Numerical Solver Error in ASME V&V 
40 would not be relevant for patient models that are systems of ordinary 
differential equations only. 

25 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/reporting-computational-modeling-studies-medical-device-submissions
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928 • An assessment of the assumptions in the model to demonstrate that physiological 
929 processes that have not been included in the model are not likely to impact results. 
930 • Uncertainty quantification and sensitivity analyses to evaluate the impact of inter-
931 patient and intra-patient variability on key parameters relevant to the input, 
932 output, and physiologic response of interest being evaluated. 
933 • Information on the subjects and conditions in the experimental or clinical studies 
934 that provide the comparative data in the context of computational patient models 
935 to enable an assessment of the validation results. 

964 (2) Entirely Virtual Testing 
965 In the context of this guidance, entirely virtual testing refers to testing that is performed 
966 completely in a simulated computer environment so that all parts of the system including the 
967 patient’s physiology and PCLC device components (e.g., physiologic-measuring sensor, control 
968 algorithm, actuator) are modeled. The advantage of this type of testing is that conditions can be 
969 simulated across a wide range of scenarios including inter-patient and intra-patient variability 

• Assessment of the relevance of the validation activities to the context of use (for 936 
example, if a physiological model is validated against data derived from animal 937 
studies, the validity of this extrapolation to predict human physiological response 938 
should be assessed). 939 

940 
Information to support the use of a computational patient model can come from, validation 941 
results for sub-models of the overall patient model, historical validation results from previous 942 
versions of the patient model or related patient models, historical evidence of the model’s 943 
predictive ability for other contexts of use, or calibration results demonstrating good fits to 944 
experimental or clinical data. We recommend manufacturers provide a description of how the 945 
information used supports the model for its context of use. 946 

947 

(1) Analytical Assessments 948 
Analytical methods can sometimes be applied to evaluate the stability and robustness of a PCLC 949 
system. These methods generally use a mathematical model of the response of the physiologic 950 
variable to the delivered energy or article. The choice of analytical approach and its role in 951 
PCLC device evaluation will depend on the particular PCLC device, control algorithm design 952 
method (e.g., model-based), and the physiologic response. If analytical methods with 953 
mathematical models are used as part of a PCLC device evaluation, FDA recommends 954 
manufacturers consider the following, along with the information above in Section VII.B.(1) for 955 
each model used, in the testing: 956 

957 
• Description of the analytical method and why it is applicable for the application given 958 

the processes to which it is applied (e.g., phase and gain margin for linear processes); 959 
• Description of how the analytical method is applicable to the particular PCLC 960 

application; and 961 
• Limitations of the analysis methods (e.g., how simplifying assumptions impact the 962 

results). 963 

26 
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970 and uncertainty, device variability and uncertainty, and device failure modes. Data from such 
971 simulations can potentially identify situations that can result in unsafe conditions, as well as 
972 potentially demonstrate expected performance of the system across the intended patient 
973 population, prior to a clinical and/or animal study. 
974 
975 When performing virtual testing, information demonstrating the validity of the individual models 
976 as well as the modeled system is important to support the virtual testing within its context of use. 
977 FDA recommends manufacturers consider the credibility assessment as discussed above in 

Section VII.B.(1) for each model (e.g., patient’s physiology, physiologic-measuring sensor, 978 
actuator), as well as their interaction and the overall system implementation. This can include 979 
activities such as uncertainty quantification to evaluate how uncertainties associated with the 980 
individual models propagate through the simulations and affect the overall result. 981 

(3) Hardware-in-the-Loop Testing 982 
Hardware-in-the-loop testing can be performed using computational models of the patient’s 983 
physiology interfaced with the PCLC device hardware. This can enable testing of the PCLC 984 
device in real time and with the device hardware. In some situations, this can provide a more 985 
realistic type of testing that can be used to identify system failure modes and hardware 986 
limitations. In addition, both physiologic and non-physiologic disturbances expected during 987 
clinical use can be simulated on the bench, thereby identifying unsafe conditions early in the 988 
device development lifecycle. 989 

990 
The patient model should be integrated with the device components in hardware-in-the-loop 991 
testing in a manner that would minimally affect the functionality of the system and not alter the 992 
realistic nature of the test (e.g., by introducing additional delays to the system). This will 993 
generally involve actuator transfer mechanisms to relay the actual output from the actuator to the 994 
computational patient model, and signal simulation and generation tools to communicate the 995 
output of the computational patient model to the sensor. The characteristics of these testing tools 996 
can impact the relationship between the bench testing results and device performance in a 997 
clinical environment. We recommend that manufacturers characterize the performance of the 998 
actuator transfer mechanisms and signal generators, including accuracy and time delays, and 999 
account for these properties in their test plans and analyses. 1000 

VII. Human Factors Testing 1001 

We recommend that manufacturers performing human factors testing of the PCLC device 1002 
consider recommendations in the FDA guidance document, “Applying Human Factors and 1003 
Usability Engineering to Medical Devices,”28 which identifies different types of human factors 1004 

1005 validation testing including simulated use testing and actual use testing. Simulated use testing in 
1006 the context of PCLC devices can include hardware-in-the-loop configurations as described above 
1007 in Section VII.B.(4) that use computational models of patient physiology. While human factors 
1008 validation testing is typically conducted under simulated use conditions in order to ensure the 
1009 testing of all risk management measures related to critical tasks, testing in a clinical setting might 

28 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/applying-human-
factors-and-usability-engineering-medical-devices 

27 
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1010 be needed to enable realistic and meaningful evaluation because automation-related use errors 
1011 might not be predictable. In these cases, it would be appropriate to perform human factors 
1012 validation testing during actual use of the device. We recommend manufacturers consider if 
1013 simulated environments are sufficient to evaluate each use scenario related to device automation 
1014 or if actual use testing may be warranted. When performing human factors testing in either 
1015 simulated or actual use environments, we recommend that use scenarios and post-test surveys be 
1016 designed to capture information on automation-related hazards such as complacency and 
1017 automation bias. When labeling includes instructions for the user to recognize an emergent 
1018 unsafe condition and intervene to prevent harm, results of human factors testing should be 

The role the device plays in the management of the patient; 
Factors and conditions that can affect the PCLC device performance; 
Configuring and operating the device through the user interface; 
The different automated and non-automated modes including: 

• Which modes the device can automatically switch to and when it will switch to 
those modes (e.g., fallback modes); 

• Which modes the user can select and when each mode should be used in the 
clinical management of the patient; 

How to detect when the control strategy is nearing its limitations and could fail (for 

1019 provided to show that reliance on user intervention constitutes an adequate risk control measure. 
1020 Whether simulated or actual use testing is used, test participants should receive training that is 
1021 representative of the training provided during actual use of the device. We encourage 
1022 manufacturers to seek feedback on the human factors testing protocol for the PCLC device via 
1023 the Q-Submission Program29 prior to conducting the test. 

1024 Training 
1025 We recommend appropriate training be developed for users of the PCLC device in accordance 
1026 with the “FDA Guidance Document: Applying Human Factors and Usability Engineering to 
1027 Medical Devices.”30 The training plan should be provided in your premarket submission. When 
1028 designing training materials for intended users of PCLC devices, we recommend manufacturers 
1029 consider how the training ensures the user’s understanding of the following: 
1030 
1031 • 
1032 • 
1033 • 
1034 • 
1035 
1036 
1037 
1038 
1039 • 
1040 example, if the therapeutic agent is being delivered at the maximum rate and the patient 
1041 is not responding) and what the response of the user should be; and 
1042 • Responding to automation-related use errors that would be unanticipated by the user. 
1043 
1044 The training should include information about limitations of automation technology, as well as 
1045 the potential use errors anticipated during the use of the device. Training plans for PCLC devices 
1046 could include simulation-based training in appropriate clinical settings in addition to a standard 
1047 training program. For example, simulation-based training could be dedicated to device 

29 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-
meetings-medical-device-submissions-q-submission-program
30 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/applying-human-
factors-and-usability-engineering-medical-devices 

28 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-meetings-medical-device-submissions-q-submission-program
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/applying-human-factors-and-usability-engineering-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/applying-human-factors-and-usability-engineering-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-meetings-medical-device-submissions-q-submission-program
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/requests-feedback-and-meetings-medical-device-submissions-q-submission-program
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/applying-human-factors-and-usability-engineering-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/applying-human-factors-and-usability-engineering-medical-devices
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1048 automation interaction functions and related hazards, while a standard training program could be 
1049 dedicated to non-automated device interaction considerations and hazards. 
1050 
1051 It is important for trainees to experience complacency, automation bias, and loss of situational 
1052 awareness (see Section V.B.3) related to use-related hazards, automation failures, alert or 
1053 warning failures, infrequent critical events, and inappropriate responses. Experiencing 
1054 automation failures during practice sessions can help reduce automation-related use errors by 
1055 encouraging critical thinking when using automated systems. Experiencing automation failures 

will also facilitate training in automation-related use error management and development of the 1056 
skills needed to appropriately respond to use errors. 1057 

VIII. Labeling 1058 

The following recommendations are intended to help prepare labeling that satisfies the applicable 1059 
requirements of 21 CFR parts 801 and 809, and applicable labeling requirements for premarket 1060 
submissions (e.g., 21 CFR 807.87(e) and 21 CFR 814.20(b)(10)). 1061 

1062 
FDA recommends that devices with PCLC technology include in the labeling, all information 1063 
identified in IEC 60601-1-10 Edition 1.2 2020-07 Instructions for Use and Technical Description 1064 
clauses, as summarized in Annex C of that document, or equivalent information. In addition, 1065 
FDA recommends that the following information be included in the device labeling as 1066 
appropriate: 1067 

1068 
• Description of the PCLC device including the following components: 1069 

• Physiologic measuring sensor including performance specifications, identification 1070 
of specific models, software versions, and configuration (e.g., bandwidth) that the 1071 
system can be used with, and any limitations on how or where the sensor can be 1072 
applied to the patient compared to the cleared or approved standalone device (e.g., 1073 
a standalone patient monitoring medical device might have sensors that could be 1074 
applied to different anatomical locations, but the PCLC device could be validated 1075 
to only place the sensor at a specific anatomical location); 1076 

• Actuator including performance specifications, energy or articles that the system 1077 
can deliver, identification of specific models, software versions, and configuration 1078 
that the system can be used with and, as applicable, maximum and minimum 1079 
delivery rates of the article or maximum amount of article that the system can 1080 
deliver; 1081 

• Description of control algorithm for all modes where the device can operate and 1082 
performance specifications related to the PCLC system response for each mode 1083 

1084 including, for example, the time it takes to reach a target level and steady-state 
1085 error and any constraints on the delivery of energy or article (e.g., so that the 
1086 delivery is consistent with the drug label, see Section V.B.(4)); and 
1087 • Alarm information including descriptions of the alarm conditions, related 
1088 hazardous situations, and how the user is expected to respond. 
1089 

29 
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1090 • Descriptions of the conditions under which the device has been tested to operate 
1091 including patient conditions, disturbances (e.g., other therapies provided to the 
1092 patient, sensor noise), and device configurations (e.g., range of parameters). This can 
1093 include summaries of clinical and/or non-clinical testing to provide the user 
1094 information on how the device should be configured. 
1095 
1096 • Description of how the PCLC device operates (i.e., mental model as discussed in IEC 
1097 60601-1-10) sufficient to allow the user to understand when the device is reaching its 

limitations, potentially creating a hazardous situation, and the appropriate actions to 1098 
mitigate the risk of the hazardous situation. 1099 

1100 
• Descriptions of what the PCLC device does and does not do related to managing or 1101 

treating the patient and what the user should do to ensure appropriate patient 1102 
monitoring and management. 1103 

1104 
• Identification of entrance criteria related to the patient’s condition and what 1105 

information should be provided by the user for each PCLC mode to operate. 1106 
1107 

• Descriptions of fallback modes including scenarios that can result in the device 1108 
entering a fallback mode and the expected response of the user (e.g., instructions for 1109 
the user to switch to a different mode). 1110 

1111 
• Information on the system data logging features, including who has access to them. 1112 

1113 
• Information on how to program and operate the system, including how to change the 1114 

set point and operational mode of the device. 1115 
1116 

• Information on how the user interface communicates the patient’s condition, 1117 
delivered energy or article, and operating mode of the device. 1118 

1119 
• Accessories that have been tested to function as intended with the PCLC device (for 1120 

interoperable medical devices, see the “FDA Guidance Document: Design 1121 
Considerations and Pre-market Submission Recommendations for Interoperable 1122 
Medical Devices”31 for additional labeling recommendations); 1123 

1124 
• Instructions for device users on how device functionality should be confirmed before 1125 

use including testing that all components (e.g., sensors and actuators), device modes, 1126 
1127 
1128 

and safety features are functioning as intended. 

1129 
1130 

• Identification of any PCLC components that should not be replaced, for example, 
during maintenance or if only representatives from the manufacturer should replace 

31 Available at https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-
and-pre-market-submission-recommendations-interoperable-medical-devices 

30 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/design-considerations-and-pre-market-submission-recommendations-interoperable-medical-devices
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1131 certain components or perform maintenance including, where appropriate, 
1132 information on the device of who to contact for servicing. 
1133 
1134 • For reusable (e.g., medical facility) PCLC components, we recommend affixing a 
1135 label that identifies who to contact in the event servicing is needed and the use life of 
1136 the PCLC component. 
1137 
1138 • Procedures to verify operation of all device modes and safety features following 

software updates. 1139 

31 
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